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The binding of radical groups such as hydrogen, hydroxyl, epoxide, or fluorine to
the graphene surface, forms covalent bonds and transforms the trigonal sp2 orbital to the
tetragonal sp3 orbital. Such a transformation drastically modifies electronic properties,
which leads to the opening of a bandgap through the removal of the bands near the Fermi
level of the pristine graphene. We have investigated the structural, electronic, magnetic,
and vibrational properties of functionalized graphene based on first-principles density-
functional calculations. A twist-boat conformation is identified as the energetically most
favorable nonmetallic configuration for fully oxidized graphene. The calculated Raman
G-band blue shift is in very good agreement with experimental observations. A detailed
analysis of fluorographene membranes indicates that there exist prominent chair and
stirrup conformations, which correlate with the experimentally observed in-plane lattice
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expansion contrary to a contraction in graphane. The optical response of fluorographene
is investigated using the GW-Bethe-Salpeter equation approach. The results are in good
conformity with the experimentally observed optical gap and reveal predominant charge-
transfer excitations arising from strong electron-hole interactions. The appearance of
bounded excitons in the ultraviolet region can result in an excitonic Bose-Einstein
condensate in fluorographene. Hydrogenated epitaxial graphene has distinctive electronic
properties compared to the two-sided hydrogenated graphene. The stability of a given
hydrogenation pattern is strongly influenced by the amount of sp2-hybridized bonding in
the structure. A trigonal planar networked hydrogenation pattern is identified as an
intrinsic ferromagnetic semiconductor, which is in good conformity with experimental
observations. The electronic structure of graphite and rotational-stacked multilayer
epitaxial graphene as a function of the applied electric bias is investigated using
dispersion-corrected density-functional theory. The tailoring of electronic band structure
correlates with the interlayer coupling tuned by the applied bias. The implications of
controllable electronic structure of rotationally fault-stacked epitaxial graphene grown on
the C-face of SiC for future device applications are discussed. We have also investigated
the electronic properties of fully hydrogenated boron-nitride (BN) layer and zigzag-edged
nanoribbons using dispersion-corrected density-functional calculations. Among various
low-energy hydrogenated membranes referred to as chair, boat, twist-boat, and stirrup,
the stirrup conformation is the most energetically favorable one. The zigzag-edged BN
nanoribbon, prominently fabricated in experiments, possesses intrinsic half-metallicity
with full hydrogenation. The half-metallicity can be tuned by applying a transverse
electric bias, thereby providing a promising route for spintronics device applications.
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CHAPTER 1
INTRODUCTION
Graphene, a single-layer planar sheet of carbon atoms arranged in a hexagonal
lattice structure, is being explored as a viable candidate for next-generation nanoscale
electronics, optoelectronics, sensors, hydrogen storage, and photonics.1"13 For instance,
the quantum Hall effect and extremely high electron mobility at room temperature can be
given.2'5'9 These unique characteristics make graphene a candidate for use in many
different potential applications, including transistors, integrated circuits, and biosensors.1"
4,8,11,14-17 Tke k^ carrjer mobiHty suggests that this material may be a viable successor
for copper interconnects in electronic device structures. To realize these technologies, it
is necessary to understand and to control its extraordinary properties.6'10'12'13 For example,
learning how to engineer and to tune magnetic properties could help realize graphene-
based spintronics devices.18 Owing to the semi-metallic characteristic of pristine
graphene band structure, the future of graphene-based electronics depends on developing
effective approaches to engineer a bandgap. A gap can be formed in epitaxial graphene
with a lattice-matched substrate,2 or through patterning graphene into nanoribbons.29"22
The gap generated by such methods can be tuned by varying spatial confinements.
Recently, there have also been a number of studies on creating a bandgap in the gapless
bilayer graphene with a perpendicularly applied electric bias.23'25 However, it remains a
challenging task to synthesize large-area bilayer graphene and provide mass production
of graphene-nanoribbon-based devices.2'7'26'27 An alternative promising route to tuning
the electronic properties of graphene is via chemical functionalizations. " The binding
of radical groups such as hydrogen, hydroxyl, epoxide, or fluorine to the graphene
surface, forms covalent bonds and transforms the trigonal sp2 orbital to the tetragonal sp*
orbital.36'37 Such a transformation drastically modifies electronic properties, which leads
to the opening of a bandgap through the removal of the bands near the Fermi level of the
pristine graphene.
However, many potential applications for graphene require ordered growth on an
insulating substrate. One successful methodology to produce graphene layers has been
thermal decomposition of SiC in a vacuum.10 Large graphene grain sizes have also been
reported via thermal decomposition of SiC in an inert gas atmosphere.6 Other studies
have explored the processing and growth of epitaxial graphene (EG) layers using
biological and chemical functionalization methodologies.11 The latter approach is
particularly attractive for sensor and hydrogen storage applications.12 On the other hand,
epitaxial graphene (EG) grown on SiC exhibits a coherent transport property that holds
potential for novel carbon-based nanoelectronics applications.38'39 Recent experimental
studies suggest that the interface between the buffer layer graphene and silicon-
terminated SiC can strongly influence the electronic properties of the graphene
overlayer.40 The graphene layer grows epitaxially on SiC(0001)-(6V3x6V3)R30° and can
be exposed to atomic hydrogen (molecular hydrogen being cracked on hot tungsten
filament) in an effort to alter the electronic properties ofEG in a controlled manner.40
Functionalizing graphene by reversible hydrogenation can change its electronic
properties from metallic to semiconducting owing to the induced changes in
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hybridization.27'29'4 The fully hydrogenated graphene-graphane-is the building block of
various novel materials and has increasingly opened up novel possibilities in hydrogen
storage in two-dimensional electronics.41'42 While the two-sided hydrogenation of
graphene has been studied intensively, the hydrogenation on EG remains not fully
understood. Full hydrogenation ofEG yields the disappearance of both occupied and
unoccupied n orbitals of graphene, resulting in a nonmagnetic semiconductor, while
partial hydrogenation preserves a fraction of the delocalized n network and result a
ferromagnetic semiconductor.40
There have been several approaches to explore the magnetic properties in
graphene and its derivatives. These include exfoliating graphene into nanoribbons,
applying an electric bias to graphene nanoribbons, and chemical modification through
adsorption of radicals on the surface of graphene.24'27'34'36'37'43"52 Partial hydrogenation
preserves a fraction of the delocalized n network. As a result, unpaired spins facilitate
long range coupling through the percolated n network.40 Experimentally, ferromagnetism
was observed in partial hydrogenated EG, which is attributed to a disrupted 7t-bonding
induced by the formation of unpaired electrons.53 The hydrogenation mechanism on EG
and the room-temperature ferromagnetism is subject to considerable interest. For
instance, in semi-hydrogenated graphene referred to as graphone,54'55 the formation of
unpaired electrons can induce ferromagnetism.54 A robust room-temperature
ferromagnetic semiconductor for hydrogenated EG opens up the possibility ofmaking
highly tunable graphene-based spintronic nanodevices.56
As a chemically derived conformation, graphene oxide (GO) has recently
attracted a great deal of attention due to its solubility in a diversity of solvents and
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promising potential for large-scale production of graphene- based devices.7'21'26'57 GO can
be regarded as graphene with hydroxyl and epoxide functional groups decorating the
basal plane and edges. The sp hybridized carbon-oxygen bonds in GO disrupt the
extended sp2 conjugated network of graphene and induce the formation of an energy gap.
The subsidence of oxygen can convert the material to a semiconductor and eventually to
a graphene-like semimetal.7'21'26'57 A detailed understanding ofthe associated energy gap
tuning58 and the shift in G-band Raman feature59 is thus of great importance for practical
applications in electronic and photonic devices. Functional groups of epoxide or hydroxyl
on graphene can induce pronounced roughness in the oxide layers. Several first-principles
studies have been performed for structural and electronic properties of GO.58"63 Despite
the progress made, some questions remain regarding the characteristic structure ofthe
oxidized phases, ' as well as identifying the mechanisms that promote the blue shifts
observed in the experimental Raman G-band.59"61'64'65 This is, to a large extent, attributed
to the composition variations and intrinsic inhomogeneity in the oxidization.
Graphene is also relevant to quantum Hall effect (QHE) with a "relativistic" twist.
Until its discovery, the QHE, a strongly correlated electron phenomenon of great
theoretical interest,66"68 was observed only at very low temperatures under extreme
quantum limits (magnetic fields with B > 20 T). Recently, intensive efforts have been
made to investigate the spintronics properties of functionalized graphene
nanostructures.69 By patterning graphene into a narrow ribbon structure, the carriers are
laterally confined to form a quasi-one-dimensional (ID) system that enables circuit
design with standard lithography techniques. Zigzag terminated graphene nanoribbons
(GNRs) were predicted to be an intriguing spintronic material,69'70 which is strongly
dependent on the edge smoothness of the ribbon, and is fragile with functionalization.
Despite significant experimental efforts, the realization of a GNR based spintronics
device remains elusive. In this regard, a better understanding of the nanoribbon properties
at the edge is clearly desirable to forge a path to practical Spintronics (spin-dependent
electron transport) applications. Geometrical terminations of the graphene monolayer
give rise to either zigzag or armchair edges with distinctive electronic properties. The
edge states in graphene with zigzag terminations arise from the two flat edge bands
connecting the two valleys with large momentum separation, which are dictated by the
bulk topological charge.69 Spins on the edge become spontaneously polarized resulting in
an edge with the same spin alignment. The spin polarized edge states are dispersive in the
reciprocal space, making them useful for current transport.69'71 Half-metallic materials
show a zero band gap for electrons with one spin orientation and an insulating or
semiconducting band gap for the other, yielding a completely spin polarized current.
Modification of zigzag edges and systematic doping can lead to half-metallic GNRs,
thereby providing routes in fine tuning of the band gap and tailoring the character of the
spin polarization.
Although GNRs are a great candidate in low dimensional applications,72 the
spintronics transport characteristics of GNRs rely on a smooth edge, along with the
chemical environment at the edge such as the hydrogen passivation and the decoration of
other chemical elements. The edge magnetism and the associated half-metallicity
diminishes with the spontaneous reconstruction in zigzag GNRs with pentagon-heptagon
rings replacing hexagonal rings at the edge.73 On the other hand, BN sheet is different
from the semimetallic graphene in that it displays insulating characteristics due to the
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large ionicity of B and N atoms.74'75 Pairs of B and N atoms in BN sheet are iso-
electronic with pairs of C atoms in graphene. BN sheet has been experimentally
synthesized in single and multiple layers, and recently, atomically thin "white graphene"
BN nanoribbons (BNNRs) were fabricated by unwrapping multiwalled BN nanotubes
under delicate Ar plasma etching with predominantly zigzag edges.76"78 While GNRs can
be metallic, semi-metallic, or semiconducting, depending upon the edge structure,69'71 the
hexagonal BNNRs are typically wide band gap insulators.74'75
This dissertation is organized as follows. In chapter 2, we discuss the twist-boat
conformation in graphene oxides. In chapter 3, we study the structural and electronic
properties of fluorographene. In chapter 4, we study the tunable bands in biased
multilayer epitaxial graphene, under a perpendicular electric bias. In chapter 5, we
deliberate a study of the trigonal hydrogenated epitaxial graphene which turn out to be a
ferromagnetic semiconductor. Finally, in chapter 6, we discuss the intrinsic half-
metallicity in hydrogenated boron-nitride nanoribbons. Each chapter comprises a
conclusion for the chapter. References are collected at the end of the dissertation.
CHAPTER 2
TWIST-BOAT CONFORMATION IN GRAPHENE OXIDES
2.1 Introduction
Here we present results from first-principles density-functional calculations
focusing on the structural, electronic, and vibrational properties of a fully-oxidized GO
layer. Specifically, we demonstrate that a twist-boat model is capable of accounting for
the electronic structure and Raman blue shift characteristics of GO.59 Our investigation of
the optimal GO structure was built on the current body of knowledge from previous first-
principles calculations58 encompassing the aggregation of functional groups in GO and
various low-energy conformations of graphane (fully hydrogenated graphene).29'56 The
aggregation is attributed to a dwindling of vertical structural distortion when functional
groups are chemically bonded on both sides of the sheet,58 while the graphane can
arrange in randomly distributed regions consisting of a few low-energy membranes
referred to as chair, boat, and twist-boat conformations.56'80 Specifically, oxygen atoms
prefer "epoxy" bonded positions and form epoxide above the middle of a carbon-carbon
bond. Hydroxyl groups, on the other hand, reside in the symmetric on-site position above
the carbon. A dilute ensemble of epoxide groups on graphene tends to form spatially
correlated patterns, which originates from the electron-mediated interaction among
epoxides.79
2.2 Method
We have employed first-principles density-functional approach as in our previous
study of graphane.56 The structure and electronic properties of all conformations were
investigated using first-principles density-functional calculations. Perdew-Burke-
Ernzerhof (PBE) parametrization81 of the generalized gradient approximation (GGA) was
used in majority of the calculations.82 A kinetic energy cutoff of 340 eV in the plane-
wave basis and appropriate Monkhorst-Pack A;-points (6 x6 xl for graphene oxide and 10
xlO xl for graphene) were sufficient to converge the grid integration of the charge
density. Although the first-principles approach systematically underestimates the band
gaps,83 we are interested primarily in the relative stability of the conformations and the
validity of the structural models. Furthermore, we rectified the GGA results by
employing Becke 3-parameter and Lee-Yang-Parr (B3LYP) hybrid functional.8485 The
initial search for stable structures was carried out through semi-empirical molecular
dynamics by means of density functional tight-binding (DFTB) method.86'87 The obtained
local energy-minimum structures were further optimized through first-principles
calculations with forces less than 0.01 eV/A. For GGA structural calculations, Vanderbilt
ultrasoft pseudopotentials were employed.83 The optimization of atomic positions
proceeds until the change in energy is less than 1 * 10"6 eV per cell.
Given the preferred on-site and epoxy site adsorption for hydroxyl and epoxide
functional groups, respectively, the fully-oxidized phases can be modeled through a
graphene sheet randomly decorated with hydroxyl and epoxy groups.88"90 The geometry
optimization of the decorated graphene sheet was performed using DFTB method with
self-consistent charges.86 In order to characterize the randomly distributed carbonyl,
hydroxyl, and epoxy functional groups on graphene, we have employed density-
functional tight-binding approach on a large sample consisting of 84 carbon atoms
(Figure 2.1). The large rectangular unit cell allows us to systematically investigate the
corrugated patterns of fully oxidized GO.
Figure 2.1. Top and side views of randomly distributed, fully oxidized GO conformation
functionalized by carbonyl and hydroxyl using DFTB method. Oxygen, hydrogen, and
carbon atoms are colored with red, white, and green, respectively. Adapted with
permission from Ref. 91. Copyright 2011 The Royal Society of Chemistry.
The unit cell was constructed through randomly deposited hydroxyl and carbonyl
groups on graphene. While for hydrogenated graphene one can employ a classical Tersoff
potential to simulate the adsorption, the corresponding approach with use of DFTB
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method remains elusive due to computational costs. To overcome this problem, we
started from the fully hydrogenated graphene samples and connect the nearest-neighbor
pairs to epoxy oxidization pattern, whereas the remaining are to hydroxyl onsite
functional groups. The resultant configuration reasonably reproduces results from
previous studies in that there is the aggregation of the functional groups and the chain-
like configurations of hydroxyl patterns. It is worth noting that such generated random
samples preclude epoxy pairs as the formation of an epoxy pair needs to accompany a
nearly "hollow" site. This approximation is, however, justified from energy calculations
of various ordered configurations. The configurations with randomly distributed
functional groups were subsequently relaxed with use of conjugate-gradient method. One
of the optimized configurations is shown in Figure 2.1.
2.3 Geometry Details
We depict in Figure 2.2 the various fully-oxidized structures. The geometry
details are listed in Table 2.1. Included epoxy-pair (strips) structure has the same
structure as Figure 2.2c, but with alternating pairs ofsp2 and sp* stripes, respectively.
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Figure 2.2. Top (and side) views of GO atomic structures for selected conformations: (a)
Fully-oxidized epoxide-only boat phase C2O with oxygen rows on both sides of the plane
along the zigzag direction; (b) Fully-oxidized epoxide-only twist-boat C2O phase along
armchair; (c), (d), and (e) Epoxy-pair structures along zigzag, armchair, and alternating
directions, respectively; (f) Twist-boat-chair structure with hydroxyl-epoxide strips
separated by epoxide chain. Carbon, oxygen, and hydrogen atoms are colored with gold,
red, and white, respectively. Adapted with permission from Ref. 91. Copyright 2011 The
Royal Society of Chemistry.
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Table 2.1: Symmetry information and the fractional coordinates of atoms for different
conformations of graphene oxides
Structure
boat (zigzag)
Twist-boat (armchair)
Epoxy-pair (zigzag)
Epoxy-pair (alternating)
Twist-boat chair
Epoxy-pair (armchair)
Symmetry
Pmmm
Pcca
Pmmm
Pbam
P2/c
Pmma
Element
C
O
C
O
C
C
O
C
C
0
C
C
O
O
H
C
C
O
O
fractions
X
0.6692
0.5000
0.5840
1.0000
0.7053
-0.1418
0.5000
0.5476
0.8751
0.5000
0.1505
0.6684
0.0752
0.5000
0.2619
0.0000
0.0000
0.9407
0.9407
iT coordinates ot Eton
y
0.0000
0.0000
-0.0087
-0.0773
0.0000
0.5000
0.0000
-0.1163
-0.1506
0.5000
-0.0216
-0.0101
0.1074
-0.0877
0.1379
0.3342
0.1039
0.5000
0.5000
is
z
0.4887
0.4055
0.6246
0.2500
0.5000
0.5000
0.4263
-0.5000
-0.5000
-0.5724
0.1433
0.9167
0.5527
0.7500
0.7853
-0.0825
0.0907
0.0000
0.5000
2.4 Results and Discussion
The fully-oxidized GO decorated randomly with hydroxyl and epoxy groups
closely resembles the fully hydrogenated graphene in that there exist broad distribution of
corrugated membranes that can be classified in accordance to the chair, boat, and twist-
boat conformations of graphane (see Figure 2.3).56 However, there exist crucial
differences from graphane due to the existence of predominantly randomly-oriented
epoxides along zigzag or armchair directions and a paucity of on-site hydroxyl groups
forming a chair membrane. The boat conformation (Figure 2.3a), recognized as the fully
oxidized structure in previous calculations,58 is free from angle strain. In the boat
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conformation parallel bonds along the zigzag direction lift out alternatively from the
graphene plane with two of six bonds being eclipsed, which have severe steric crowding
on the "bow" and "stern" of the boat conformation.
(a) Boat (b) Twist-boat-Chair
(c) Twist-boat-zigzag (d) T\vtet-bo*At-armchair
Figure 2.3. Prospective views of GO atomic structures for selected phases, (a) Fully-
oxidized epoxide-only boat phase C2O with oxygen rows on both sides of the plane along
the zigzag direction; (b) C8O2(OH)4 structure with hydroxyl-epoxide strips separated by
twist-boat epoxide conformations; (c) and (d) Fully-oxidized epoxide-only twist-boat C2O
phase along zigzag and armchair directions, respectively. The twisted bonds are indicated
with yellow. Carbon, oxygen, and hydrogen atoms are colored with green, red, and white,
respectively. Adapted with permission from Ref. 91. Copyright 2011 The Royal Society
of Chemistry.
In the presence of both hydroxyl and epoxide functional groups, the local epoxide
configuration typically assumes a twist-boat form, adjacent to chair membranes of
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hydroxyl groups (see Figure 2.3b for a prototype twist-boat-chair structure).56 By twisting
the boat structure, the steric hindrance can be partially relieved with completely eclipsed
bonds. A twist-boat conformation of fully-oxidized GO (C/O =2) can be constructed
along either zigzag or armchair directions. The twist-boat-zigzag conformation (Figure
2.3c) is locally stable but converts to boat under cell optimization. Careful examination of
various structures indicates that the twist-boat along the armchair direction (Figure 2.3d)
is the lowest-energy conformation for fully-oxidized GO.
Summarized in Table 2.2 are the calculated binding energy, energy gap, and unit
cell dimensions for boat and twist-boat conformations, along with those for low-energy
epoxy-pair (EP) structures. EP chain conformations (Figure 2.2), although higher in
energy than the twistboat-arwc/ia/r, are relevant to the oxidative breakup process.63
Closer scrutiny of the energy contributions from various conformations reveals that EP
prefers to aggregate together such that the EP chains can break up into carbonyl pairs
through "twisting boat" process, in conformity with the conclusion obtained from
previous studies.63
Table 2.2: Calculated binding energy per oxygen atom 2sB with use of PBE and B3LYP
functionals, band gap E% and the associated unit cell a x b for boat, twist-boat, and epoxy-
pair (EP) conformations, respectively.
Structure
Boat
Twist-boat
EP-zigzag
EP-alt
j?pbe (ey)
-23.39
-23.65
-23.06
-23.54
EPLYP (eV)
-23.29
-23.33
-22.79
-23.27
ER (eV)
2.95
4.40
0.40
1.85
a x b (A2)
2.52 x 4.49
5.10x4.28
2.52 x 4.50
5.47 x 4.60
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An important ramification of our simulation results is that the epoxide twist-boat
membranes represent as a realistic model for describing the structure of GO. As can be
seen from Table 2.2 (and Table 2.1), among various fully-oxidized structures,58 the
effective periodicity of 2.55 A x 4.28 A for twist-boat conformation has the best
agreement with experimentally observed local periodicity of 2.73 A x 4.06 A.92'93 In view
of the experimentally observed, fully-oxidized, GO does not have well-ordered
structures,88"90 we investigated the randomly distributed carbonyl and hydroxyl groups
using DFTB approach (see Figure 2.1). As is readily observable from Figure 2.1, there
exists a paucity of regular-ordered patterns, while local membranes have prominent
corrugations with twisted bonds. This suggests that the corrugations built intrinsically in
the twist-boat model capture the essential structural features of the randomly distributed
membranes.80
We illustrate in Figure 2.4 the calculated band structures for boat and twist-boat
conformations, along with the extracted charge density distribution of valence and
conduction states. The extracted gap for optimized twist-boat structure is 4.4 eV while
the boat counterpart has a gap of 3.0 eV. By contrast, all EP structures have much smaller
gap, which is attributed to the coexistence ofsp2 and spz configurations (Figure 2.2c, d,
e). As seen from insets of Figure 2.4, the charge density follows the epoxide chains,
which is more apparent for the conduction state of the twist-boat-armc/w/r.
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Figure 2.4. Calculated band structure for fully-oxidized epoxide-only C2O: (a) boat and
(b) twist-boat along armchair direction, respectively. Insets: extracted charge density
(isovalue of 0.05 au) at the band center (G point) for conduction band minimum (CBM)
and valence band maximum (VBM), respectively. Dashed rectangles indicate unit cells
(Table 2.3). Adapted with permission from Ref. 91. Copyright 2011 The Royal Society of
Chemistry.
It is worth mentioning that energy order for various GO conformations remains
intact based on calculations using hybrid B3LYP functional84'85 (see Table 2.2). The
energy gap for the twist-boat conformation is 6.42 eV using B3LYP as compared to 4.40
eV using GGA. The calculated binding energy and gap are shown in Table 2.3.
Notwithstanding the corrections to the band gaps, the overall band structures are
qualitatively similar. On the other hand, there exists specially-patterned GO EP-structures
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that are metallic and low in energy (see Table 2.1). Those structures are separated from
the twist-boat conformation with a much larger barrier than from the simple EP-models
as shown in Table 2.1. The low-energy metallic phase may be relevant to the
experimentally observed flash reduction and patterning of GO.95 The stretching of the
carbon-carbon bond in graphene gives rise to the G-band Raman feature at -1582 cm"1
(experimental Raman mode).59'60'96 Our calculation yields a dominant peak at 1589 cm"1
associated with the E^g mode, in very good agreement with experimental data and other
first-principles calculation results.59'60'64'65 For Raman spectrum calculations, the
normconserving potentials and GGA were used. The calculation was based on the linear-
response scheme in the density-functional perturbation theory.97'98
Table 2.3: Calculated binding energy per oxygen atom, C/O ratio, energy gap, and the
associated unit cell for various GO structures.
Structure
C/O ratio and
number of atoms
per unit cell
Binding
energy (eV)
Energy gap
(eV)
Unit cell
(A)
Boat (zigzag)
(armchair)
Epoxy-pair (zigzag)
(alternating)
Twist-boat chair
Epoxy-pair
(armchair)
Epoxy-pair (strips)
2 (C4, 02)
2 (C8, 04)
2 (C4, 02)
2 (C8, 04)
4/3 (C8,06, H4)
2 (C8, 04)
2(C8, 04)
-23.39
-23.65
-23.06
-23.54
-20.13
-22.89
-23.82
2.95 direct at T
4.40 direct at F
0.40 direct at T
1.85 direct at R
3.22 direct at T
0.45 direct at Q
metallic
2.52 x 4.49
5.10x4.28
2.52 x 4.50
5.47 x 4.60
6.51 x4.80
5.10x4.49
2.51 x 10.14
For boat (zigzag), T = (0, 0), W = (x/2au nl2b{), L = (nl2au 0), where ax = 2.52 A, bx =
4.49 A, respectively. For twist-boat (armchair), F = (0, 0), S = {jzllai, TtHbi), D = (jzllai,
0), where aj = 5.10 A, bi = 4.28 A, respectively. For epoxy-pair, T = {nUa-i, 0), where #3
= 4.50 A, 63 = 2.52 A, respectively; R = (7r/2a4, nl2bA), where a4 = 4.60 A b4 = 5.47 A,
respectively; and Q = (nl2a5, 0), a5 = 5.10 A b5 = 4.48 A.
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When the bond lengths and angles of graphene are modified by the oxidization,
the hexagonal symmetry of graphene is broken. As a result, the G-band is highly sensitive
to strain effects and can be used to probe the degree of oxidization.59 In the experimental
work on the transformation from graphene to GO, there is a blue shift of the graphene G-
band in GO, while the converse is observed after partial reduction of GO.59'64'65 Shown in
Figure 2.5 is the calculated Raman spectrum of the twist-boat-armchair conformation
along with that for graphene. We also summarize in Table 2.4 the corresponding
vibrational frequency at the band center (F point).
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Figure 2.5. Calculated Raman spectrum for the twist-boat GO and graphene, respectively.
The vibrational frequencies are displayed as blue bars (Table 2.4). Insets: vibrational
motions of GO at 1652 and 1662 cm"1, and the vibrational motion for graphene at 1589
cm"1, respectively. Adapted with permission from Ref. 91. Copyright 2011 The Royal
Society of Chemistry.
The effects of epoxides give rise to one dominant peak in the G-band spectrum
around 1650cm"1, which is attributed to two vibrational modes at 1652 and 1662 cm"1
with Ag and B2g symmetry, respectively. As is readily observable in the insets of Figure
2.5, contrary to in-plane motions of the Raman G-band for graphene, both As and B2g
modes in the Raman G-band for GO engage out-of-plane motions as well. The in-phase
and out-of-phase stretching among the epoxide bonds are correlates with the differences
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between these Raman active modes. The calculated G-band blue shift in GO (-50-70 cm"
l) is in very good agreement with experimental observations,59'64'65 supporting the validity
of the twist-boat model for GO.
Table 2.4: Calculated vibrational frequencies in cm"1 for graphene and the twist-boat-
armchair conformation of GO
Odd IR active Even Raman active
Graphene A2u 928 B2g 162
928
EXu 1589 E2g 252
1589
GO Au 452 Ag 655
985 1184
1173 1471
1599 1652
Biu 335 Big 458
576 566
1058 900
1230 1200
1455
B2u 755 B2g 429
1133 1151
1543 1285
1662
B3u 135 B^ 277
408 524
648 777
1112 1093
1339
2.5 Summary and Conclusion
In summary, we have demonstrated that the twist-boat model accounts for the
structural and vibrational characteristics of GO, in good agreement with experimental
observations. Our findings are useful for developing effective graphene manipulation
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means and for understanding the GO structure. We remark, before closing, that it is
straightforward to employ the first-principles approach to partial reduction in GO, as the
structural relaxation plays a vital role in "debundling" of oxygen from the twist-boat
conformation. The investigation of the relevant electronic structures will provide an
important tool for developing future graphene-based nanodevices.
CHAPTER 3
STRUCTURAL AND ELECTRONIC PROPERTIES OF FLUOROGRAPHENE
3.1 Introduction
The radicals can absorb onto the graphene layer with pronounced randomness,
such as randomly adsorbed epoxide or hydroxyl functional groups in graphene oxide
(GO),91'99'100 or arrange in regions consisting of a few low-energy membranes referred to
as chair, boat, stirrup, and twist-boat conformations (see Figure 3.1 ).28-56'74'101 The
nomenclature of fully hydrogenated and fluorinated graphene is graphane28'29 and
fluorographene,32 respectively. Following the synthesis of graphane, recent experimental
work has successfully created fully fluorinated graphene.32"35 The single-layer
fluorographene exhibits a wide-gap semiconducting behavior with an optical gap of ~3
eV;32 very recent experimental work indicates an optical gap >3.8 eV.34 Being a
stoichiometric derivative with high thermal and chemical stability, fluorographene is
poised to provide a promising platform for applications.3235 The present work is thus
motivated primarily by the need to attain a thorough understanding of structural,
electronic, and optical properties of fluorographene.
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(a) Chair (b) Boat
(c) Stirrup C«0 Twist-boat
Figure 3.1. Perspective views of optimized ordered conformations of fluorographene: a)
chair, b) boat, c) stirrup, and d) twist-boat, respectively. Colored with light blue and
brown are fluorine and carbon atoms, respectively. The black box indicates the unit cell
employed in the calculations. Adapted with permission from Ref. 44. Copyright 2011
John Wiley & Sons, Ltd.
Given analogous sp* hybridizations in both the fluorine and hydrogen adsorbates,
fluorographenes are expected to possess similar structural and electronic characteristics as
graphane. However, fluorine has a much larger electronegativity than hydrogen.
Consequently, the charge transfer between graphene and adsorbates in fluorographene is
distinctive from that in graphane. Density-functional theory (DFT) calculations indicated
that the chair configuration of fluorographene is more energetically favorable than the
boat conformation.102103 While local DFT calculations predicted a direct band gap of 3.1
eV for the chair configuration in good agreement with experimental estimates, many-
electron approaches based on the GWapproximation (where GW refers to the one-particle
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Green's function with the dynamical screened Coulomb interaction; see Computational
Sessions for details) yield a gap more than twice as large.102'103 It is well-known that local
DFT calculations systematically underestimate the gap; therefore, the rectification of the
gap by including electron-electron (e-e) interactions is deemed necessary. Herein, we
address this apparent discrepancy by investigating the effect of mixed conformations and
the associated corrugation pattern on the electronic structure, as well as employing a
state-of-the-art approach based on the GW-Bethe-Salpeter equation104'105 for optical
absorption spectra.
3.2 Results and Discussion
In order to gain a better understanding of the structural properties of
fluorographene, we studied prototype stoichiometric configurations for fluorographene
based on first-principles density-functional calculations as in our previous study of
graphane.56'82 The conformations as depicted in Figure 3.1 correspond to distinctive
configurations of cyclohexane referred to as chair, boat, twist-boat, and chair-twist-boat,
respectively.56 Cyclohexane forms a nonplanar hexagonal arrangement due to the
inherent tendency of the sp3 hybridization on tetravalent carbons. The chair conformation
of cyclohexane is the ground state configuration, while twist-boat is the second lowest
energy conformation. The boat and chair-twist-boat conformers are metastable states of
the twist and chair ones, respectively. The fluorographene counterparts of the chair, twist-
boat, boat, and chair-twist-boat conformers of cyclohexane in 2D structures can be
constructed accordingly.91'56 The corresponding unit cell of chair, twist-boat, boat, and
stirrup74 conformations has P3m\, Pcca , Pmmn , and Pmna symmetry, respectively. The
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chair configuration is lower in energy and has less membrane buckling than other
conformers.
In fluorographene, fluorine attaches to the graphene layer from two opposite sides
and carbon atoms bonded with fluorides move out of the plane yielding shrinkage of the
in-plane periodicity. However, the change in hybridization from sp2 to sp3 leads to longer
C-C bonds, which surpasses the lattice shrinkage by membrane buckling. In the chair
conformation, fluorine atoms are alternating on both sides of the plane, whereas in a boat
conformation, fluorine atoms are alternating in pairs.91'56 The twist-boat conformation
builds partially eclipsed bonds along either armchair or zigzag directions; the latter has
been identified as the most energetically favorable nonmetallic configuration for fully
oxidized GO. Moreover, locally stable twist-boat membranes in graphane lead to
pronounced lattice shrinkage, and thus contribute to the broader distribution of lattice
spacing observed experimentally for graphane.29'56 hi the stirrup structure, each carbon
atom is bonded to a fluorine atom in such a way that consecutive fluorine atoms along the
zigzag direction alternate on both sides of the graphene layer.74'103
Summarized in Table 3.1 are the density-functional gradient corrected calculated
binding energies, energy gap, and unit cell structural properties of the four conformations
for fluorographene and graphane, respectively. As readily observable from Table 3.1, the
chair configuration is the most stable one for fluorographane103 and graphane.56 It is
worth noting that the stirrup configuration is more stable than the boat and twist-boat
conformations. The detailed geometry coordinates are listed in Table 3.2. Our calculated
results are in very good agreement with those obtained by Leenaerts and co-workers.103
However, the relative small energy difference between various conformers implies that
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fluorographene is unlikely to be in the single-crystal form of chair, stirrup, boat, or twist-
boat configurations.56'101 The transformation from chair to stirrup amounts to exchanging
a pair of fluorine atoms with a transition state of the epoxy-pair style (see the inset of
Figure 3.2). By contrast, the transformation from a chair to boat or twist-boat conformer
is a two-step process, involving a physical shift of two pairs of fluorine atoms. The
barrier for the former transformation is about 1.9 eV, much smaller than 2.8 eV for the
latter. It is worth noting that although the generalized gradient approximation (GGA)
calculation typically yields lower transition barrier due to the lack of self-interaction
corrections, the GGA-estimated barrier provides a qualitative picture regarding the
transformation among various membranes.
Table 3.1: Density-functional GGA-calculated binding energy per CF unit E&, the band
gap Ee, and the associated unit cell a * b for chair, stirrup, boat, and twist-boat
conformations of fluorographene and graphane, respectively.
Structure
Fluorographene
Graphane
Conformation
Chair
Stirrup
Boat
Twist-boat
Chair
Stirrup
Boat
Twist-boat
EB [eV]
-12.83
-12.76
-12.68
-12.68
-12.80
-12.75
-12.71
-12.64
Ei [eV]
3.10
3.58
3.28
3.05
3.54
3.58
3.30
3.77
a fAl x b [A]
2.61x4.52
2.63 x 4.22
2.58 x 4.57
5.14x4.60
2.55 x 4.42
2.55 x 3.83
2.53 x 4.32
4.98 x 4.56
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Table 3.2: Fractional coordinates of various fluorographene structures. The coordinates of
the other atoms can be determined by the symmetry operations.
Structure
Chair
Boat
Stirrup
Twist-boat
Symmetry
P3ml(D3d)
Pmmn (D2h)
Pmna (Dlh)
Pcca(D2h)
Element
C
F
C
F
C
F
C
F
Fractional
X
0.5000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0909
0.1311
coordinates
y
0.2887
0.5774
0.1802
0.7532
-0.4575
-0.6476
-0.0281
0.1409
of atoms
z
2.0198
-0.1312
0.413
2.2198
0.1417
-0.0048
-0.3857
0.0453
An important ramification of the difference in electronegativity and the associated
distinctive charge transfer for the two graphene derivatives is that the stirrup
conformation in fluorographene has a paucity of local twist-boat patterns. As a result,
fluorographene has less in-plane shrinkage than graphane since a randomly distributed
fluorographene sample with predominant chair and stirrup membranes is less corrugated
than the corresponding graphane sample with predominant chair and twist-boat
membranes. To further illustrate this point, we have investigated the randomly distributed
fluorine adsorbates (see Figure 3.2). It is readily observable from Figure 3.2 that local
membranes have prominent paired epoxy bond patterns, which serves as paradigms for
the local stirrup structure. This suggests that the chair and stirrup models capture the
essential structural features of the randomly distributed membranes of fluorographene.
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epoxy-pair
Figure 3.2. Top and side views of fluorographene with randomly distributed fluorine
adsorbates. Encircled area highlights predominant "epoxy" patterns. Inset: side view of
the epoxy-pair transition state between the chair and stirrup conformations. Adapted with
permission from Ref. 44. Copyright 2011 John Wiley & Sons, Ltd.
A few remarks are immediately in order regarding the comparison between
graphane and fluorographene. i) Experimental work indicates that fluorographene is more
stable than graphane. This can be attributed to the associated stronger electronegativity
and larger dissociation energy of fluorine than those of hydrogen.29'32 ii) There exist
pronounced structural differences between the two graphene derivatives, particularly the
trend in building the twisted partial eclipsed bonds, iii) Analogous to graphone (semi-
hydrogenated graphene), semi-fluorinated graphene can assume a ferromagnetic state as
well, if the pattern of the adsorbates arranges in a one-sided chair conformation.
However, the resultant chair conformation of fluorographone is energetically higher than
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its counterparts of semi-fluorinated stirrup and boat conformations.56 iv) The sp3 C-C
bond in graphane has a length of 1.54 A to be contrasted to 1.42 A for sp2 graphene. The
corresponding C-C bond in fluorographene is about 3.5% longer, which is connected to a
depopulation of the bonding orbital between the carbon atoms.103 The corresponding
electron transfer from the carbon to the fluorine atoms is larger than that to hydrogen due
to the difference in electronegativity.
We illustrate in Figure 3.3 the calculated band structures for chair and stirrup
conformations, along with the extracted charge density distribution of valence and
conduction states, respectively. As seen in Figure 3.3, the k band in the pristine graphene
disappears in the fluorographene and the a band at the T point becomes the top of the
valence band. The extracted gap for the optimized chair structure is 3.1 eV, while the
stirrup counterpart has a gap of 3.5 eV. This is consistent with the consensus that
derivatives of graphene are wide-gap semiconductors. As seen from insets of Figure 3.3,
the charge density follows the chain feature, which is more apparent to the conduction
state of the stirrup conformation. The extracted band gap of 3.1 eV for the chair
configuration of fluorographene is in accordance with the experimental result of ~3 eV.32
However, the agreement with experiment appears to be fortuitous because the many-
electron GWapproach predicts a band gap of 7.5 eV. The GPTcorrection to the GGA
results is of similar order for the different configurations. As such, the theoretically
predicted band gap is more than twice as large as the experimentally observed value.
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Figure 3.3. Calculated band structures (using the density-functional GGA method) for a)
chair and b) stirrup conformations of fluorographene, respectively. Insets: extracted
charge density (isovalue of 0.05 au) at the band center (F point) for conduction band
minimum (CBM) and valence band maximum (VBM), respectively. Dashed rhombus and
rectangle indicate the corresponding chair and stirrup unit cells. Adapted with permission
from Ref. 44. Copyright 2011 John Wiley & Sons, Ltd.
The discrepancy between theory and experiment may be attributed to defects or
the corrugation in the realistic system.103 We have calculated the band gap for the
randomly distributed systems as exemplified in Figure 3.2. There is a reduction of the
band gap by -0.8 eV, which appears to correlate with the effect of corrugation on the gap.
However, the amount of gap reductions is far from sufficient in resolving the
discrepancy. On the other hand, bear in mind that the experimentally observed gap was
extracted from optical spectra. A full account of the quasiparticles and their interaction
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with light in fluorographene must include electron-hole (e-h) and electron-electron (e-e)
interactions. In this regard, the GPF-Bethe-Salpeter equation ( GW-BSE) approach stands
for one of the state-of-the-art theories beyond DFT.106>107
Shown in Figure 3.4 are the calculated in-plane absorption spectra using GW-BSE
along with the random phase approximation (RPA) and GfF-RPA for graphane and
fluorographene, respectively. While RPA can be viewed as the result at the DFT level,
GW-RPA includes e-e interactions and GW-BSE goes beyond RPA by including e-e and
e-h interactions. The extracted optical absorption spectrum for graphane is in very good
agreement with previous calculation results.82 Specifically, the optical properties of
graphane are dominated by localized charge-transfer excitations governed by enhanced
electron correlations. While the e-e interactions lead to strong blue shifts of the
absorption spectrum, the general trend of cancelation of the e-e and e-h contributions is
in conformity with previous theoretical calculations.106 The many-electron effect
manifests itself notably around 10-12 eV due to strong e-h interactions along with the
appearance ofbounded excitons in the ultraviolet region. The appearance of such
bounded excitons opens the path towards an excitonic Bose-Einstein condensate in
graphane that can be observed experimentally.107
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Figure 3.4. Calculated absorption spectra using RPA (Dark blue dotted lines), GW-RPA
(red dashed lines), and GW-BSE (blue solid lines) for graphane (top panel) and
flurographene (bottom panel), respectively. Adapted with permission from Ref. 44.
Copyright 2011 John Wiley & Sons, Ltd.
For fluorographene, a distinctive GW-BSE feature emerges in the ultraviolet
region with a peak around 9.8 eV. The feature is absent in the corresponding RPA or
GW-RPA spectra, and is thus evidently connected to the strong e-h coupling. Closer
scrutiny of the excitonic functions reveals that the major contribution to this feature is
related to transitions from the near-gap valence bands to the conduction band minimum.
Moreover, there exists four exciton peaks around 5.4,7.2, 8.4, and 8.7 eV (A-D in Figure
3.4), respectively. While graphane shows similar charge-transfer excitation peaks,107 it is
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interesting to note that the charge-transfer excitations in fluorographene is stronger than
those in graphane, which is attributed to the enhanced electronegativity of fluorine.
Furthermore, the onset of the optical absorption is about is about 3.1 and 5.4 eV for RPA
and GW-BSE spectra (indicated by blue and black arrows in Figure 3.4), respectively.
The GW-BSE value of 5.4 eV is a considerably more red shifted than the GW-RPA value
of 7.5 eV (red arrow in Figure 3.4), and is in good accordance with the experimental
estimate of the optical gap of ~3 eV32 or 3.8 eV34 after taking effects of corrugation and
defects into account.
3.3 Method
The structure and electronic properties of all conformations were investigated
using DFT calculations based on Perdew-Burke-Ernzerhof (PBE) parameterization81 of
the GGA.82 A kinetic energy cutoff of 340 eV in the planewave basis and Monchorst-
Pack k -points of 6 * 6 x 1 were sufficient to have the grid integration of the charge
density converged. The local energy-minimum structures were fully relaxed with forces
less than 0.01 eV/A. The optimization of atomic positions proceeded until the change in
energy was less than 5 * 10~5 eV per cell.
A transition-state search employing a combination of linear/quadratic
synchronous transit (LST/QST) algorithms facilitates the evaluation of energy barriers,
which is a generalized synchronous transit method for locating transition-state structures
or first-order saddle points. The algorithm is based on the established scheme of
combining the linear or quadratic synchronous transit method with conjugate gradient
refinements. For transition-state calculations, we started with the chair conformation and
ended with the stirrup one, both with a rectangular unit cell. An extrapolation of the two
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conformations with 10 intermediate images constitutes the initial pathway. The energy
barrier is calculated to be the energy difference between the transition state and the
stirrup conformation.
The quasiparticle corrections to the DFT eigenvalues were evaluated using the
GqWq approximation. The electron self-energy, L, was calculated by summing up ring-
polarization diagrams to the lowest order in the screened Coulomb interaction, through a
product of the one-electron Green's function Go and the dynamical screened Coulomb
interaction Wo. The DFT eigenvalues and eigenfunctions (using 14 x 14 x Ik -mesh and
816 eV kinetic energy cutoff, along with a normconserving pseudopotential of the
Troullier-Martins type, 25 bands, and a 1.06 nm distance in the direction perpendicular to
the fluorographene layer) were employed to extract the one-electron Green's function Go.
The screened Coulomb interaction was calculated within the RPA and the self-energy
was evaluated by the plasmon-pole approximation.102 Based on quasielectron and
quasihole states, the absorption spectrum was calculated by solving the Bethe-Salpeter
equation as implemented in the YAMBO package.104 We used an efficient method107 to
cutoff the long-range Coulomb interaction between the supercell images in order to
remove the Coulomb tail, along with a random integration method102 to improve the
numerical stability.
3.4 Conclusion
In summary, we have investigated different configurations of fluorographene, a
graphene derivative. The chair configuration is the most stable conformer, but a stirrup
configuration is shown to play an important role in the mixed fluorographene sample.
Fluorographene is found to be much more stable than graphane, which is mainly
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attributed to a much higher electronegativity. We have studied the electronic excitations
and optical spectra of fluorographene from first-principles approaches including both e-e
self-energy corrections and e-h correlations. Our GW-BSE results for the optical gap are
in good accordance with experimental observations and indicate that large cancelations
exist between e-e and e-h effects. This strongly enhanced excitonic effect is shown to
manifest itself through excitonic resonances in the ultraviolet region. Our findings
provide important insight into the nature of strong charge-transfer excitations and we
hope that the observed strongly bounded excitons in fluorographene will promote more
experimental and theoretical studies in the future.
CHAPTER 4
TUNABLE BANDS IN BIASED MULTILAYER EPITAXIAL GRAPHENE
4.1 Introduction
In virtually all potential applications of graphene, an understanding of the
electronic properties of graphene is critical to successful integration of graphene into
future nanoelectronic devices.6'13"17'41'44'108'109 In this regard, interlayer interactions in
multilayer epitaxial graphene (MEG) play an important role in determining the electronic
structure characteristics.24'27'43'50"52'110'120 The planar nature ofMEG allows analysis by
traditional surface science techniques.42 The MEG is grown on the C-face of SiC and
possesses properties of an isolated graphene sheet owing to the peculiar stacking-order of
the multilayers.15'109 Ultraviolet Photoemission Spectroscopy (UPS) is an ideal tool for
studying interlayer interactions due to its ability to extract the joint DOS for valence
bands in the first two layers of samples.121 We employ a dispersion-corrected density-
functional theory (DFT)119 that incorporates interlayer van der Waals interactions to
investigate the corresponding electronic structure.120 The calculated dependence of the
electronic structure on the applied electric bias is in good conformity with experimental
observations121 in that there is a notable change of the electronic DOS in the proximity of
the Fermi level, and the DOS for MEG displays a more prominent increase relative to
that for highly ordered pyrolytic graphite (HOPG).
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4.2 Results and Discussion
In graphite, the characteristic linearly dispersing bands of monolayer graphene are
superseded by pairs of split hyperbolic bands associated with Bernal stacking. The
Bernal-stacked layers are electronically coupled in a manner similar to that in graphite,
which lacks the appealing electronic properties of individual graphene sheets.27'43'117"120
The parabolic bands correspond to charge transport by massive fermions, whereas the
electrons in single layer graphene behave as massless Dirac fermions.15'43'109'117
Experimental studies to date for MEG on C-face SiC indicate that the electronic states of
the layers are decoupled as a consequence of rotational fault stacking.15'109 A variety of
experimental and theoretical studies show that rotational stacking order in MEG leads to
decoupling of the layers and a linear dispersion band structure consistent with single-
layer graphene.15'109'50 Therefore, MEG grown by thermal decomposition on SiC
substrates and patterned via standard lithographic procedures has been proposed as a
platform for carbon-based nanoelectronics and molecular electronics.15'109 Consequently,
the characteristics of the electrons in MEG are expected to vary sensitively with
interlayer coupling. An in-depth understanding of the interlayer coupling is thus of
crucial importance to tailor the electronic properties of MEG.
Recent experiments have indicated that Bernal-stacked bilayers constitute a small
fraction of the adjacent layers in multilayer stacks.15'109 Angle-resolved photoemission
experiments have provided unambiguous evidence that the band structure for twisted
adjacent layers remains identical to that of isolated graphene.15'109 The role of stacking
symmetry in determining the band structure of graphene sheets can be established by
comparing graphene with distinctive stacking arrangements. In graphite, the Bernal-
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stacked graphene sheets are rotated ti/6 relative to adjacent sheets in the stack. Bernal
stacking results in the fact that the two atoms in a graphene unit-cell (labeled as 'A' and
'B', respectively) are not equivalent. The stacking-induced disparity of the 'A' and 'B'
atoms in graphite is generally referred to as AB stacking. The energy bands of
rotationally faulted multilayers disperse nearly linearly with momentum in the proximity
of the Dirac point. As such, the electronic structure ofMEG is largely determined by the
rotationally faulted characteristic.
To facilitate an understanding of the experimentally observed121 electronic DOS
features, we have employed a dispersion-corrected DFT approach. To model the MEG,
we used a commensurate twisted bilayer with a rotational angle of 21.80.43'117 The
atomistic schematics of Bernal stacking graphite and twisted bilayer graphene are
depicted in Figure 4.1a and b, respectively. These configurations have parabolic and
linear dispersion relations, and thus are viewed as prototypes for representing HOPG and
MEG, respectively. Graphite and twisted bilayer with 21.8° rotation are both odd in
sublattice exchange.117 As a result, the characteristic band structure is semi-metallic in
that the conduction and valence bands touch at the Fermi level. However, in contrast to
the parabolic dispersion for graphite, the twisted bilayer shows a linear dispersion that is
attributed to weak interlayer coupling.43'117 Upon the application of an electric bias, the
electronic states near the Fermi level for graphite (Bernal stacking) are little affected.
This is attributed to the constraints associated with the sublattice exchange, and the fact
that the electric bias perpendicular to the graphite layers preserves the symmetry.117
However, the situation is different for the twisted layers in that there are AA and AB
stacking regions.43'117
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Figure 4.1. Top views of (a) AB stacked graphite and (b) twisted adjacent layers of
graphene with a 21.8° twist angle. First and second layers are colored with blue and gold,
respectively. Adapted with permission from Ref. 121. Copyright 2012 The Royal Society
of Chemistry.
The rotationally faulted stacking in C-face MEG leads to manifestly distinct
electronic structure from that of the Si-face epitaxial graphene (EG).15'109 Si-face EG is
Bernal stacked analogous to graphite, which is grown with both a buffer-layer and a top
graphene layer. Only the top layer is isolated and exhibits the band structure of a single
graphene sheet.15'109 When H2 is intercalated into the interface, the buffer layer becomes
isolated from the substrate, and the two graphene layers develop into a novel electronic
system. Because the buffer layer is rotated ti/6 relative to the top layer with Bernal
stacking, the doped Dirac cone of the single layer converts into split bilayer bands in the
structure of a bilayer pair. However, the buffer layer plays an important role in the
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electronic structure as there is nontrivial symmetry change to the Bernal stacking bilayer
system. On the other hand, the majority stacking in C-face MEG is nongraphic so that
films with as many as 60 graphene layers still behave electronically in a manner similar
to that of a stack of isolated graphene sheets.15'109
To assess the effect of stacking order on the interlayer coupling, we can look at
the band structure of bilayer graphene when interlayer interactions are present while the
AB stacking symmetry is absent. The simplest instance is AA stacking in which two
graphene layers stack directly on top of each other. In the AA stacking, the sublattice
exchange is of even symmetry and the interlayer electronic coupling is suppressed by a
significant Pauli repulsion arising between the graphene layers. Consequently, the
dispersion in AA stacking leads to multiple linear bands of graphene.117 This effect is
general and applies to rotationally faulted bilayers.117'118 The change in sublattice
exchange symmetry leads to dramatic modifications in the electronic band structure of
rotationally faulted graphene sheets. For our purpose, we employed a model oftwo
graphene sheets rotated by 21.8° to investigate the electronic structure of MEG. The 21.8°
of rotationally faulted bilayer has the smallest commensuration unit cell.
We show in Figure 4.2 the calculated band structures for graphite and twisted
bilayer, respectively. As seen in Figure 4.2a, the graphite has two parabolic bands at the
Dirac point (K) separated by 1.08 eV and 1.32 eV for conduction and valence bands,
respectively. With the application of electric bias, the split conduction and valence bands
merge (comparison highlighted by green and brown circles in Figure 4.2a-c). At an
electric field of e = 0.51 V/A, the two valence bands become almost degenerate. For
MEG, on the other hand, the linear dispersion bands at the Dirac point are manifest in the
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absence of the electric bias. Upon applying the electric bias, the linear-dispersed bands
merge and hybridize, thereby changing the band topology and resulting in a metallic state.
As can be seen from Figure 4.2d-f, the radius of the Fermi surface increases with
increasing electric bias, yielding a distinctly non-zero electronic DOS.
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Figure 4.2. Calculated band structure (a-c) for graphite and (d-f) for twisted bilayer
graphene of commensurate fault at 21.8° with (from left to right) 0,0.26, and 0.51 V/A
electric field, respectively. F= (0,0), K = (n/3a, Inlla), and M = (0,7i/2a), where a =
6.46 A for twisted bilayer graphene and 2.48 A for graphite. The Fermi level, highlighted
by a dashed red line, is shifted to 0 eV. Adapted with permission from Ref. 121.
Copyright 2012 Royal Society of Chemistry.
Specifically, the single Dirac cone splits into two Dirac cones and the separation
of the two cones in the momentum space is proportional to the applied electric bias
(highlighted by red circles in Figure 4.2d-f). An important consequence is that the
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electronic DOS near the Fermi level increases proportionally with the electric bias.
Interestingly, the extracted band structure at finite electric bias closely resembles the
band structure ofAA stacking, particularly regarding the appearance of doubled Dirac
cones.117
In the vicinity of the Fermi level, the theoretically predicted changes in electronic
DOS for graphite and the twisted bilayer of commensurate fault at 21.8° are in good
agreement with experimentally measured values for HOPG and MEG,121 respectively.
Specifically, the effect of electric bias on the states near the VBM is manifested in the
merge of split valence bands for graphite and the creation of doubled Dirac cones for the
twisted bilayer, respectively. The fuse of split valence bands in graphite is within the low
DOS range of 1.32 eV (see Figure 4.2a), which corresponds to minor changes in the
experimentally measured values for HOPG.121 The split and doubling of the Dirac cone
for the twisted bilayer, however, imply a proportional increase of the electronic DOS
with the applied electric bias.
We illustrate in Figure 4.3a and b the extracted electronic DOS for graphite and
the twisted bilayer, respectively. As seen from Figure 4.3a for graphite, the electronic
DOS increases with applied electric bias in the region from -2 to -8 eV, which is
attributed to the merge of split valence bands as indicated in the band structure (Figure
4.2a-c). For the twisted bilayer, the effect of zone folding and fuse of split bands is also
present, as the calculated electronic DOS increases in the region from -2 to -8 eV as well
(Figure 4.3b). Therefore, we attribute the experimentally observed121 increase of
electronic DOS with the applied electric field to the electric-bias-induced band fusing and
the associated band flattening behavior.
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Figure 4.3. Calculated electronic DOS for (a) graphite and (b) twisted bilayer graphene
with 0.51 V/A electric bias (top panels) and without electric bias (bottom panels),
respectively. Inset: close-up view of the corresponding band structure near the Dirac
point. Adapted with permission from Ref. 121. Copyright 2012 Royal Society of
Chemistry.
From the point of view of comparing experiment with theory, the correspondence
between the electric field and the bias is interesting in view of the fact that the
experimental settings depend on factors that are difficult to estimate. Nevertheless, it
appears that an electric field of 0.51 V/A in the theoretical calculation is in accordance
with an experimentally applied bias of 3 V. This estimate is based on the fact that at a
field of 0.51 V/A the split valence bands of graphite become degenerate. Upon further
increase of the electric bias, the electronic structure involves band merging among other
bands. The extracted band structure for MEG indicates band folding and hybridizations -3
eV downward from the Fermi level, which appears to support the above estimate.
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A few implications of these results should be noted, (i) The twisted bilayer
appears to be a reasonable model for representing the electronic structure characteristics
of MEG. The 21.8° of rotationally faulted bilayer is the smallest commensurate
conformation, which corresponds to the experimentally observed predominant
rotationally faulted stacking. The conformation is of odd sublattice exchange
symmetry.117 Although there are other commensuration cells with even sublattice
exchange with distinct band structures, the linear dispersion for the 21.8° twisted bilayer
offers a simple, yet most relevant model, (ii) The split of one Dirac cone into two is
reminiscent of the band structure ofAA stacking and implies that electric-bias-induced
dipole-dipole interactions are more effective with AA stacked carbon atoms. This
observation also indicates significant charge transfer between the conduction and valence
states due to dipole-dipole interactions. The promotion ofAA stacked band structure
after application of an electric bias captures the essential physics, (iii) The doubled Dirac
cones yield an increase in the number of charge carriers while preserving the linear
dispersion near the Fermi level. This feature is important for both practical device
applications and the increase of linearly dispersed charge carriers. Moreover, it suggests
the possibility of controlling the rotationally faulted layers with the application of an
electric bias during the sample growth process, (iv) It is worth mentioning that the
dispersion correction is necessary for an accurate description of the structural and
electronic properties. Our currently employed dispersion-corrected DFT approach
provides quantitatively accurate results for the layer distance, and the effect of electric
bias is incorporated in a modified Hamiltonian for electronic structures.81'122'123
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4.3 Method
The structural and electronic properties were investigated using first-principles
density functional calculations. Our first-principles calculations are based on dispersion
corrected density functional theory with general gradient approximation (GGA) for
exchange-correlation potential.81 We employed the dispersion correction with the GGA
using the Tkatchenko-Scheffler (TS) scheme, which exploits the relationship between
polarizability and volume.122 The TS dispersion correction accounts for the relative
variation in dispersion coefficients of differently bonded atoms by weighting values taken
from the high-quality first-principles database with atomic volumes derived from
partitioning of the self-consistent electronic density.122 Although the local density
approximation (LDA) approach provides qualitatively correct pictures and remains the
popular choice for investigations of electric-field effects,27'51'52'116 our calculations reveal
that the dispersion corrected GGA with the exchange correlation of Perdew-Burke-
Ernzerhof (PBE),81'123 approximates the interlayer distance in graphite better than the
GGA PBE itself and the local density approximation (LDA) approach.
We have calculated the layer distance of graphite with different exchange
correlation functionals. While the LDA method gives short distances compared to the
experimental value, the layer distance extracted from dispersion-corrected GGA is closer
to the experimental value. Calculations using various LDA exchange-correlation
functionals yield a value of 3.10 A for the layer distance. The underestimate of the LDA
layer distance remains unsettled with the inclusion of dispersion correction in the LDA
approach. On the other hand, GGA PBE has a very weak bonding. By contrast, the
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dispersion-corrected PBE predicts a layer distance of 3.29 A, in good agreement with the
experimental value of 3.35 A.
A supercell with a vacuum space of 16 A normal to the graphene plane was used.
The effect of the electric field was studied by adding a potential via the dipolar nuclear
charges.123 For the graphite structure, we found that the slab system with more than 8
layers leads to the convergence of the electronic DOS and band structure. A supercell
with a vacuum space of 10 A normal to the layers was employed. A kinetic energy
change of 3X10"4 eV in the orbital basis and appropriate Monkhorst-Pack k-point grids of
6><6x 1 for twisted bilayer graphene and 16* 16x 1 for graphite were sufficient to converge
with the integration of the charge density. The optimization of the atomic positions
proceeds until the change in energy is less than 1 x 10'5 eV per cell.
4.4 Conclusion
In summary, the evolution of electronic properties of MEG as a function of the
applied electric bias has been studied using theoretical dispersion-corrected density
functional calculations in comparison with the experimental measurements.121 The
present work demonstrates that significant control of the low-energy electronic states of
graphene can be achieved by tuning interlayer interactions in MEG samples. This
situation is analogous to the standard description of the ID band of single-walled carbon
nanotubes in which the electronic structure of the set of different nanotubes can be
generated by zone folding of the 2D electronic structure of graphene. Analogous to
carbon nanotubes, the additional control of the electronic properties ofMEG as a function
of electric bias should extend the range of distinctive physical phenomena and
applications of this material. We remark, before closing, that the interlayer coupling also
plays an important role in a variety of graphene-based systems such as hetero-bilayers,
126 which are considered as promising substrates for device applications. Our results
reveal an interesting interlayer coupling tunable by the electric bias, and thus provide
useful insight into future applications of a variety of graphene-based materials.
47
124-
37
4.2 Results and Discussion
In graphite, the characteristic linearly dispersing bands of monolayer graphene are
superseded by pairs of split hyperbolic bands associated with Bernal stacking. The
Bernal-stacked layers are electronically coupled in a manner similar to that in graphite,
which lacks the appealing electronic properties of individual graphene sheets.27'43'117"120
The parabolic bands correspond to charge transport by massive fermions, whereas the
electrons in single layer graphene behave as massless Dirac fermions.15'43'109'117
Experimental studies to date for MEG on C-face SiC indicate that the electronic states of
the layers are decoupled as a consequence of rotational fault stacking.15'109 A variety of
experimental and theoretical studies show that rotational stacking order in MEG leads to
decoupling of the layers and a linear dispersion band structure consistent with single-
layer graphene.15'109'50 Therefore, MEG grown by thermal decomposition on SiC
substrates and patterned via standard lithographic procedures has been proposed as a
platform for carbon-based nanoelectronics and molecular electronics.15'109 Consequently,
the characteristics of the electrons in MEG are expected to vary sensitively with
interlayer coupling. An in-depth understanding of the interlayer coupling is thus of
crucial importance to tailor the electronic properties of MEG.
Recent experiments have indicated that Bernal-stacked bilayers constitute a small
fraction of the adjacent layers in multilayer stacks.15'109 Angle-resolved photoemission
experiments have provided unambiguous evidence that the band structure for twisted
adjacent layers remains identical to that of isolated graphene.15'109 The role of stacking
symmetry in determining the band structure of graphene sheets can be established by
comparing graphene with distinctive stacking arrangements. In graphite, the Bernal-
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stacked graphene sheets are rotated 71/6 relative to adjacent sheets in the stack. Bernal
stacking results in the fact that the two atoms in a graphene unit-cell (labeled as 'A' and
'B', respectively) are not equivalent. The stacking-induced disparity of the 'A' and 'B'
atoms in graphite is generally referred to as AB stacking. The energy bands of
rotationally faulted multilayers disperse nearly linearly with momentum in the proximity
of the Dirac point. As such, the electronic structure ofMEG is largely determined by the
rotationally faulted characteristic.
To facilitate an understanding of the experimentally observed121 electronic DOS
features, we have employed a dispersion-corrected DFT approach. To model the MEG,
we used a commensurate twisted bilayer with a rotational angle of 21.80.43'117 The
atomistic schematics of Bernal stacking graphite and twisted bilayer graphene are
depicted in Figure 4.1a and b, respectively. These configurations have parabolic and
linear dispersion relations, and thus are viewed as prototypes for representing HOPG and
MEG, respectively. Graphite and twisted bilayer with 21.8° rotation are both odd in
sublattice exchange.117 As a result, the characteristic band structure is semi-metallic in
that the conduction and valence bands touch at the Fermi level. However, in contrast to
the parabolic dispersion for graphite, the twisted bilayer shows a linear dispersion that is
attributed to weak interlayer coupling.43'117 Upon the application of an electric bias, the
electronic states near the Fermi level for graphite (Bernal stacking) are little affected.
This is attributed to the constraints associated with the sublattice exchange, and the fact
that the electric bias perpendicular to the graphite layers preserves the symmetry.
However, the situation is different for the twisted layers in that there are AA and AB
stacking regions.43'117
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(a)
Figure 4.1. Top views of (a) AB stacked graphite and (b) twisted adjacent layers of
graphene with a 21.8° twist angle. First and second layers are colored with blue and gold,
respectively. Adapted with permission from Ref. 121. Copyright 2012 The Royal Society
of Chemistry.
The rotationally faulted stacking in C-face MEG leads to manifestly distinct
electronic structure from that of the Si-face epitaxial graphene (EG).15'109 Si-face EG is
Bernal stacked analogous to graphite, which is grown with both a buffer-layer and a top
graphene layer. Only the top layer is isolated and exhibits the band structure of a single
graphene sheet.15'109 When H2 is intercalated into the interface, the buffer layer becomes
isolated from the substrate, and the two graphene layers develop into a novel electronic
system. Because the buffer layer is rotated 71/6 relative to the top layer with Bernal
stacking, the doped Dirac cone of the single layer converts into split bilayer bands in the
structure of a bilayer pair. However, the buffer layer plays an important role in the
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electronic structure as there is nontrivial symmetry change to the Bernal stacking bilayer
system. On the other hand, the majority stacking in C-face MEG is nongraphitic so that
films with as many as 60 graphene layers still behave electronically in a manner similar
to that of a stack of isolated graphene sheets.15'109
To assess the effect of stacking order on the interlayer coupling, we can look at
the band structure of bilayer graphene when interlayer interactions are present while the
AB stacking symmetry is absent. The simplest instance is AA stacking in which two
graphene layers stack directly on top of each other. In the AA stacking, the sublattice
exchange is of even symmetry and the interlayer electronic coupling is suppressed by a
significant Pauli repulsion arising between the graphene layers. Consequently, the
dispersion in AA stacking leads to multiple linear bands of graphene.117 This effect is
general and applies to rotationally faulted bilayers.117'118 The change in sublattice
exchange symmetry leads to dramatic modifications in the electronic band structure of
rotationally faulted graphene sheets. For our purpose, we employed a model of two
graphene sheets rotated by 21.8° to investigate the electronic structure of MEG. The 21.8
of rotationally faulted bilayer has the smallest commensuration unit cell.
We show in Figure 4.2 the calculated band structures for graphite and twisted
bilayer, respectively. As seen in Figure 4.2a, the graphite has two parabolic bands at the
Dirac point (K) separated by 1.08 eV and 1.32 eV for conduction and valence bands,
respectively. With the application of electric bias, the split conduction and valence bands
merge (comparison highlighted by green and brown circles in Figure 4.2a-c). At an
electric field of e = 0.51 V/A, the two valence bands become almost degenerate. For
MEG, on the other hand, the linear dispersion bands at the Dirac point are manifest in the
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absence of the electric bias. Upon applying the electric bias, the linear-dispersed bands
merge and hybridize, thereby changing the band topology and resulting in a metallic state.
As can be seen from Figure 4.2d-f, the radius of the Fermi surface increases with
increasing electric bias, yielding a distinctly non-zero electronic DOS.
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Figure 4.2. Calculated band structure (a-c) for graphite and (d-f) for twisted bilayer
graphene of commensurate fault at 21.8° with (from left to right) 0, 0.26, and 0.51 V/A
electric field, respectively. T= (0,0), K - (iU3a, 2n/3a), and M = (0, n/2a), where a =
6.46 A for twisted bilayer graphene and 2.48 A for graphite. The Fermi level, highlighted
by a dashed red line, is shifted to 0 eV. Adapted with permission from Ref. 121.
Copyright 2012 Royal Society of Chemistry.
Specifically, the single Dirac cone splits into two Dirac cones and the separation
of the two cones in the momentum space is proportional to the applied electric bias
(highlighted by red circles in Figure 4.2d-f). An important consequence is that the
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electronic DOS near the Fermi level increases proportionally with the electric bias.
Interestingly, the extracted band structure at finite electric bias closely resembles the
band structure ofAA stacking, particularly regarding the appearance of doubled Dirac
cones.117
In the vicinity of the Fermi level, the theoretically predicted changes in electronic
DOS for graphite and the twisted bilayer of commensurate fault at 21.8° are in good
agreement with experimentally measured values for HOPG and MEG,121 respectively.
Specifically, the effect of electric bias on the states near the VBM is manifested in the
merge of split valence bands for graphite and the creation of doubled Dirac cones for the
twisted bilayer, respectively. The fuse of split valence bands in graphite is within the low
DOS range of 1.32 eV (see Figure 4.2a), which corresponds to minor changes in the
experimentally measured values for HOPG.121 The split and doubling of the Dirac cone
for the twisted bilayer, however, imply a proportional increase of the electronic DOS
with the applied electric bias.
We illustrate in Figure 4.3a and b the extracted electronic DOS for graphite and
the twisted bilayer, respectively. As seen from Figure 4.3a for graphite, the electronic
DOS increases with applied electric bias in the region from -2 to -8 eV, which is
attributed to the merge of split valence bands as indicated in the band structure (Figure
4.2a-c). For the twisted bilayer, the effect of zone folding and fuse of split bands is also
present, as the calculated electronic DOS increases in the region from -2 to -8 eV as well
(Figure 4.3b). Therefore, we attribute the experimentally observed121 increase of
electronic DOS with the applied electric field to the electric-bias-induced band fusing and
the associated band flattening behavior.
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Figure 4.3. Calculated electronic DOS for (a) graphite and (b) twisted bilayer graphene
with 0.51 V/A electric bias (top panels) and without electric bias (bottom panels),
respectively. Inset: close-up view of the corresponding band structure near the Dirac
point. Adapted with permission from Ref. 121. Copyright 2012 Royal Society of
Chemistry.
From the point of view of comparing experiment with theory, the correspondence
between the electric field and the bias is interesting in view of the fact that the
experimental settings depend on factors that are difficult to estimate. Nevertheless, it
appears that an electric field of 0.51 V/A in the theoretical calculation is in accordance
with an experimentally applied bias of 3 V. This estimate is based on the fact that at a
field of 0.51 V/A the split valence bands of graphite become degenerate. Upon further
increase of the electric bias, the electronic structure involves band merging among other
bands. The extracted band structure for MEG indicates band folding and hybridizations -3
eV downward from the Fermi level, which appears to support the above estimate.
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A few implications of these results should be noted, (i) The twisted bilayer
appears to be a reasonable model for representing the electronic structure characteristics
ofMEG. The 21.8° of rotationally faulted bilayer is the smallest commensurate
conformation, which corresponds to the experimentally observed predominant
rotationally faulted stacking. The conformation is of odd sublattice exchange
symmetry."7 Although there are other commensuration cells with even sublattice
exchange with distinct band structures, the linear dispersion for the 21.8° twisted bilayer
offers a simple, yet most relevant model, (ii) The split of one Dirac cone into two is
reminiscent of the band structure ofAA stacking and implies that electric-bias-induced
dipole-dipole interactions are more effective with AA stacked carbon atoms. This
observation also indicates significant charge transfer between the conduction and valence
states due to dipole-dipole interactions. The promotion ofAA stacked band structure
after application of an electric bias captures the essential physics, (iii) The doubled Dirac
cones yield an increase in the number of charge carriers while preserving the linear
dispersion near the Fermi level. This feature is important for both practical device
applications and the increase of linearly dispersed charge carriers. Moreover, it suggests
the possibility of controlling the rotationally faulted layers with the application of an
electric bias during the sample growth process, (iv) It is worth mentioning that the
dispersion correction is necessary for an accurate description of the structural and
electronic properties. Our currently employed dispersion-corrected DFT approach
provides quantitatively accurate results for the layer distance, and the effect of electric
bias is incorporated in a modified Hamiltonian for electronic structures. ' '
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4.3 Method
The structural and electronic properties were investigated using first-principles
density functional calculations. Our first-principles calculations are based on dispersion
corrected density functional theory with general gradient approximation (GGA) for
exchange-correlation potential.81 We employed the dispersion correction with the GGA
using the Tkatchenko-Scheffler (TS) scheme, which exploits the relationship between
polarizability and volume.122 The TS dispersion correction accounts for the relative
variation in dispersion coefficients of differently bonded atoms by weighting values taken
from the high-quality first-principles database with atomic volumes derived from
partitioning of the self-consistent electronic density.122 Although the local density
approximation (LDA) approach provides qualitatively correct pictures and remains the
popular choice for investigations of electric-field effects,27'51'52'116 our calculations reveal
that the dispersion corrected GGA with the exchange correlation of Perdew-Burke-
Ernzerhof (PBE),81'123 approximates the interlayer distance in graphite better than the
GGA PBE itself and the local density approximation (LDA) approach.
We have calculated the layer distance of graphite with different exchange
correlation functionals. While the LDA method gives short distances compared to the
experimental value, the layer distance extracted from dispersion-corrected GGA is closer
to the experimental value. Calculations using various LDA exchange-correlation
functionals yield a value of 3.10 A for the layer distance. The underestimate of the LDA
layer distance remains unsettled with the inclusion of dispersion correction in the LDA
approach. On the other hand, GGA PBE has a very weak bonding. By contrast, the
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dispersion-corrected PBE predicts a layer distance of 3.29 A, in good agreement with the
experimental value of 3.35 A.
A supercell with a vacuum space of 16 A normal to the graphene plane was used.
The effect of the electric field was studied by adding a potential via the dipolar nuclear
charges.123 For the graphite structure, we found that the slab system with more than 8
layers leads to the convergence of the electronic DOS and band structure. A supercell
with a vacuum space of 10 A normal to the layers was employed. A kinetic energy
change of 3xlO"4 eV in the orbital basis and appropriate Monkhorst-Pack k-point grids of
6x6x1 for twisted bilayer graphene and 16x16x1 for graphite were sufficient to converge
with the integration of the charge density. The optimization of the atomic positions
proceeds until the change in energy is less than 1 x 10"5 eV per cell.
4.4 Conclusion
In summary, the evolution of electronic properties ofMEG as a function of the
applied electric bias has been studied using theoretical dispersion-corrected density
functional calculations in comparison with the experimental measurements.121 The
present work demonstrates that significant control of the low-energy electronic states of
graphene can be achieved by tuning interlayer interactions in MEG samples. This
situation is analogous to the standard description of the ID band of single-walled carbon
nanotubes in which the electronic structure of the set of different nanotubes can be
generated by zone folding of the 2D electronic structure of graphene. Analogous to
carbon nanotubes, the additional control of the electronic properties ofMEG as a function
of electric bias should extend the range of distinctive physical phenomena and
applications of this material. We remark, before closing, that the interlayer coupling also
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plays an important role in a variety of graphene-based systems such as hetero-bilayers,124"
which are considered as promising substrates for device applications. Our results
reveal an interesting interlayer coupling tunable by the electric bias, and thus provide
useful insight into future applications of a variety of graphene-based materials.
CHAPTER 5
TRIGONAL HYDROGENATED EPITAXIAL GRAPHENE: A
FERROMAGNETIC SEMICONDUCTOR
5.1 Introduction
To facilitate a fundamental understanding of hydrogenated EG and the
ferromagnetic properties, herein we investigate a graphone-graphene bilayer using the
first-principles density-functional calculations. The graphone-graphene bilayer serves as
a simplified model for the hydrogenation on EG. Among possible conformations of the
graphone-graphene bilayer, our attention is directed to the relative stability of bonded and
non-bonded configurations. In the absence of hydrogen (H), two pristine graphene sheets
interact with each other via weak van der Waals forces.27'37 However, since unsaturated C
sites in the graphone sheet are reactive due to unpaired electrons, a graphene sheet can
bind to graphone as semi-hydrogenated bilayer graphone (referred to as BL-graphone
hereafter). The ferromagnetic properties of the BL-graphone depend crucially on the
existence of interlayer bonding.27 Our results indicate that a non-bonding BL-graphone
conformation is energetically preferred. The corresponding zigzag dimer chains can form
a trigonal planar pattern, which is of intrinsic ferromagnetic feature independent of
hydrogen or carbon defects. Interestingly, the trigonal planar pattern is in very good
agreement with experimental STM observations. Therefore, the trigonal planar
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hydrogenation pattern serves as yet another graphone structure that is an inherent
ferromagnetic semiconductor.
5.2 Results and Discussion
The local adsorption structures of single-sided hydrogenated graphene at low
hydrogen coverage can be classified into monomores, para-, ortho-, or elongated-dimers.
From theoretical calculations,8'128'129 ortho-dimers andjrara-dimers observed on the
surface of hydrogenated EG were predicted to be nonmagnetic, while single hydrogen
attachment (monomer) to be magnetic.53'54 The ortho-andpara-dimers are energetically
the most stable dimer configurations on the basal plane.8'128'129 During hydrogen
exposure, the dimers are created into favorable binding patterns. Thermodynamically, the
barriers to bind into dimers are lower compared to these for hydrogen adsorption into
monomers.40'130 However, the ensuing geometrical deformation plays an important role in
determining the chemical reactivity with hydrogen on EG. There is a decrease in the
adsorption barrier since hydrogenation is associated by hybridization changes of the
carbon from sp2 to sp*, which yields geormetry changes of carbon layer resulting the
motion of the carbon atom toward the hydrogen adsorption direction.40'127 The reaction-
induced relaxation costs elastic potential energy, and thus the hydrogen can bind
favorably to the peaks of the modulated EG surface.40'127 At high hydrogen coverage,
however, random adsorption into large hydrogenated clusters was observed
experimentally.40'127 While the low-coverage hydrogenation behavior can be readily
understood, the structure and electronic properties of high-coverage hydrogenation
remain a paucity of investigation.
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Graphone is a one-sided hydrogenated graphene, which has a ferromagnetic
semiconducting state if the hydrogenated side is of a chair pattern.54'55 The ferromagnetic
state is due to partial breaking of n bonds of pristine graphene and the formation of
alternative sp2-sp3-sp2-... carbon hybridization pattern.42 However, the thermodynamic
stability of the chair-graphone is the subject of open debate.27 In fact, conformations such
as boat, stirrup, and twist-boat patterns44'55 are clearly lower in energy than the chair-
graphone, by about 0.33, 0.20, and 0.34 eV per carbon atom, respectively.27'55 In order to
preserve the ferromagnetic semiconducting feature, a few proposals based on the bilayer
counterpart of chair-graphone were put forward. Using first-principles density functional
calculations, it was demonstrated that a proper one-side desorption of hydrogen could
retain the magnetic state due to unpaired spins.27 Furthermore, applying an electrical bias
perpendicularly between the graphene layers opens a band gap that can be tuned
continuously.27 As the bias is increased, the band gap collapses, leading to a transition
from a semiconductor to a metallic state. These predictions increase the possibilities that
graphene can be employed to create more flexible nanodevices with a tunable band gap,
such as lasers that change color or electronic circuits having the ability to rearrange them.
Nevertheless, a reexamination of the energy order for the BL-graphone is
necessary in order to identify the lowest energy conformation of hydrogenated EG. We
show in Figure 5.1 the optimized structures of rec-stirrup, twist boat, rec-chair, boat,
stirrup, and chair conformation.16'20'45'55 Labeling the hydrogenated and non-
hydrogenated sites as U and 0 in a hexagonal ring,131 stirrup can be characterized as
UUU000, twist-boat as 0UU00U, chair as 0U0U0U, and boat as U0UU0U/0U00U0
(insets of Figure 5.1), respectively. In the stirrup (UUUO00) conformation, hydrogenation
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the zigzag direction in the UUU pattern. The rec-stirrup conformation has one graphene
layer and one graphone layer bonded non-covalently. The bottom layer consists of sp2
hybridized carbon while the top layer is alternating sp2 and sp3 carbon chains along the
zigzag direction.
7 \S\f*±<
boat I boat El stirrup I
stirrup II chair I chair II
Figure 5.1. Optimized structures of semi-hydrogenated bilayer graphene. Carbon and
hydrogen atoms are colored with orange (top layer), blue (bottom layer), and white,
respectively. Insets: the hydrogenation arrangement in different confirmations of BL-
graphone using U and 0 for with and without hydrogenation, respectively.
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For the stirrup graphone on top of the graphene, the layer separation is of 3.62 A
without interlayer bonding. As a result, the bottom graphene layer is flat. The lack of
bonding yields a stirrup graphone with alternating sp2 (blue box in Figure 5.1) and sp3
chains along the zigzag direction. The C-C bond length along sp2 zigzag chain is 1.42 A,
while that along the sp3 zigzag chain is 1.51 A, which is slightly shorter than the usual
carbon-carbon sp3 length of 1.56 A. The C-C bond length of the graphene layer is 1.43 A
that is slightly longer than the typical sp2 bond length of 1.42 A. The commensurate
bilayer layer stacking leads to compressive strain of the rec-stirrup graphone layer and
tensile strain in the graphene layer. As seen in Figure 5.1, the graphone layer shifts 0.66A
along the armchair direction relative to the AB stacked bilayer graphene. On the other
hand, there is no shift in the zigzag direction. The interlayer non-bonding side pattern has
5-7 carbon rings, reminiscent of the M-carbon and the rec-chair bilayer graphone.45'54
In the twist boat (0UU00U) conformation,44'91 hydrogen adsorption is alternative
to the armchair and zigzag directions. As seen in Figure 5.1, the twist-boat graphone
layer shifts as well, ~0.56 A along the armchair direction relative to the AB stacked
bilayer. Unlike the rec-stirrup or twsit-boat, boat (U0UU0U/0U00U0) conformation in
BL-graphone has covalent bonding between the layers.44 The interlayer bonding replaces
sp2 hybridization with sp3 one. Similarly, rec-chair (U0U0U0) bilayer graphone also has
bonding between two layers, but the bonding pattern is different from the boat BL-
graphone. Instead of having alternative sp2 and sp3 carbons along zigzag, rec-chair
bilayer graphone alternate sp2 and sp3 carbon chains along the zigzag direction. The
alternate sp2 and sp3 carbon chains make rec-chair bilayer graphone a directional
conductor similar to rec-stirrup structure. AB-stacked-chair also consists of two bonded
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layers of carbons. Bernal-stacked chair has sp2 and sp* carbon patterns like in bilayer
graphone.
We have calculated binding energy per atom (EB) and the energy gap (Eg) for
semi-hydrogenated BL-graphone conformations (Table 5.1). As seen from Table 5.1, rec-
stirrup is energetically favored over other structures. Among those structures in Figure
5.1, rec-stirrup, rec-chair, twist-boat, and unreconstructed stirrup conformations show
metallic behavior, while the boat conformations show semiconducting behavior. Both
unreconstructed chair conformations, chair-I and chair-II, are ferromagnetic
semiconductors. Among the 9 configurations considered, rec-stirrup, twist-boat, rec-
chair, and boat-I undergo a planar shift relative to the underlying graphene layer. Stirrup-
I, stirrup-II, and chair-II are ofAA stacking in that the C atoms in the graphone layer are
on top of the C atoms in the graphene layer. The only Bernal stacked pattern is chair-I,
the well-discussed ferromagnetic graphone confirmation on top of the graphene layer.54
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Table 5.1: Calculated binding energy per carbon atom Eb, the band gap Eg, and the cell
dimension a x b for chair, stirrup, boat, and twist-boat conformations and their
reconstructed counterparts of semi- hydrogenated bilayer graphene.
Structure Eb(eV) Eg(eV) a*Z>(AxA)
rec-Stirrup
Twist Boat
rec-Chair
Boat I
Boat II
Stirrup I
Stirrup II
Chair I
Chair II
-9.97
-9.90
-9.89
-9.89
-9.79
-9.76
-9.58
-9.56
-9.53
0
0
0
3.22
2.73
0
0
0.87
0.90
4.26 x 2.49
4.98 x 4.56
4.29x2.51
4.20 x 2.53
4.57 x 2.58
4.17x2.64
4.17x2.64
2.63 x 2.63
2.63 x 2.63
The resonance sp2 geometries, resulting in 7i-electron delocalization along the
zigzag chain, contribute to the stability of a structure. The more sp2 bonding in a
structure, the greater the stability of that structure, hi fact, this explanation alone accounts
for the energy ordering of the confirmations shown in Figure 5.1 (Table 1). The sp2/sp3
rations are 1.5,1.0 and 0.5 for the rec-stirrup (UUU000), the twist boat (0UU00U), and
rec-chair (U0U0U0) structures, respectively. The remaining structures have halfsp2
bonding regions in the graphene layer and are less stable, according to our calculations.
Interestingly, this implies that the stability of the hydrogenated zigzag chain is general,
not being limited to the semi-hydrogenation coverage.
The stirrup (UUU000) conformation is the most stable configuration for BL-
graphone (Table 1). For this energetically preferred structure, there is no bonding
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between the layers, along with greater sp2 bonding compared to the other BL-graphone
conformations. The existence of delocalized n orbitals on the zigzag sp2 carbon chains
stabilizes the corresponding conformations. The conjugated chain in rec-stirrup results in
a directional metallic behavior. As such, the experimentally observed elongated dimer
chain along the zigzag can be interpreted as being attributed to the preferred conjugations
in the hydrogenated EG.
We are now in a position to discuss electronic structure characteristics of those
conformations. The rec-stirrup has two separate layers bonded non-covalently. The
corresponding band structure (Figure 5.2a) can be viewed as two merged bands, one from
graphene layer and the other from the graphone layer. For noncovalently bonded layers,
the "substrate" graphene layer preserves its electronic characteristics. In the context of
EG, this implies that the buffer layer of EG interacts weakly with the hydrogenated
graphene layer. Consequently, the Dirac cone semimetallic feature as shown in Figure 5.2
should be replaced with the corresponding buffer layer contribution. In contrast, for
bonded conformations, reochair, boat, stirrup, chair, the modification ofsp2 to sp3
bonding leads to profound changes of the structural and electronic properties.
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Figure 5.2. Calculated band structures for (a) reostirrup, (b) twist-boat, (c) reochair, and
(d) boat conformations of semi-hydrogenated billayer graphene. For rec-stirrup Y = (0,
n/2b), T = (0,0), B = (-7t/2a, 0), where a = 4.26 A b = 2.49 A. For twist-boat Y = (0,
%l2b\), T = (0, 0), B = (n/2au 0), where a\ = 4.56 A b\ = 4.98 A. For rec-chair Y = (0,
n/2b2), F = (0,0), B = (-n/2a2,0), where a2 = 4.29 A b2 = 2.51 A. For boat Y = (0, n/2b3),
T = (0,0), B = (-7i/2a3,0), where a3 = 4.20 A fc3 = 2.53 A. The valence band maximum is
set to 0 eV.
We depict in Figure 5.3 the top layer contribution of the charge density of BL-
graphone for conduction band minimum (CBM) and valence band maximum (VBM),
respectively. For CBM, the charges are predominantly confined at the sp3 sites. For
VBM, alternative sp2 and sp3 features are clearly observable. The directional metallic
behavior is attributed to the conjugated chain in rec-stirrup. As such, the experimentally
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observed elongated dimer chain along the zigzag can be interpreted as being attributed to
the preferred conjugations in the hydrogenated EG.
Figure 5.3. Extracted charge density for semi-hydrogenated billayer graphene of CBM
and VBM in top and bottom panels, respectively. Isovalue is 0.05 a.u.
An important ramification of the stability of rec-stirrup is that the elongated
dimers forming along the zigzag direction is energetically preferred for high coverage of
hydrogenation. Since there are three equivalent zigzag directions in EG, we can infer that
the elongated dimer patterns should be observed experimentally. Closer scrutiny of the
experimental STM images reveals such elongated dimer conformations indeed.40'127 The
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elongated dimer chain is closely connected to the metallic chain behavior of the rec-
stirrup at high stoichiometric of hydrogenation (Figure 5.3). In reality, the linear metallic
behavior cannot be preserved as hydrogenated zigzag chains are randomly distributed
among the three orientations. The linear metallic chain is manifested in the band
structures of rec-stirrup (Figure 5.2a) and rec-chair (Figure 5.2c) a touching point at the
band edge (Y). However, the origin of the semimetallic feature arises from the top and
bottom layer for rec-stirrup and rec-chair, respectively. On the other hand, boat
(U0UU0U/0U00U0) conformation has a large band gap (Figure 5.2c). Even though the
boat conformation has sp2 hybridized carbons in the bottom graphene layer, the non-
conjugated patterns yield localized electrons. The band gap of-3.1 eV in the boat BL-
graphone (Figure 5.2d) is in conformity with the band gap of bilayer graphane of-2.92
eV.31
Ferromagnetism generated by monomers corresponds to very low concentration
of hydrogenation,18'127 which is difficult to control. Experimental work have
demonstrated ferromagnetic ordering, which was argued to be attributed to various
defects on graphene structures, such as vacancy, topological defects or frustration, and
hydrogen chemisorptions.18'53'54'132"137 The defects to the rec-stirrup (UUU000)
conformation can be either from H-defect or C-defect. The former is a missing
hydrogenation along the zigzag chain, while the latter is from a C-vacancy. Both defects
lead to ferromagnetic properties of the hydrogenated EG (Figure 5.4). However, the
coupling between the magnetic moments is either ferromagnetic or antiferromagnetic,
depending on whether the defects correspond to the same (AA) or to different (AB)
hexagonal sublattices of graphene. In both cases of a pair of H-defects or a pair of C- and
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H-defects, antiferromagnetically coupled AB defects are energetically favored. As such,
the underlying mechanism of the ferromagnetic property of hydrogenated EG remains
unsettled as yet.
B Y
Figure 5 4 Calculated band structures for rec-stirrup conformation of semi-hydrogenated
billayer graphene (a) with one H defect (red box), (b) with one C defect in the top layer.
T = (0,0), B = (0, n/2b), Y = (n/2a, nllb), where a = 8.52 A b = 4.97 A. The valence
band maximum is set to 0 eV. Insets: calculated spin density. Isovalue is 0.03 a.u.
Experimental work has demonstrated ferromagnetic ordering among various
defects on graphene structures, such as vacancy, topological defects or frustration, and
hydrogen chemisorptions. The defects to the rec-stirrup (UUUOOO) conformation can be
either from H-defect or C-defect. The former is a missing hydrogenation along the zigzag
chain, while the latter is from a C-vacancy. Both defects lead to ferromagnetic properties
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of the hydrogenated EG. As shown in Figure 5.4, both systems are in ferromagnetic
states. The spin density distribution as shown in the insets of Figure 5.4 indicates
localized magnetism. The induced magnetic moment is close to luB for both cases. The
energy cost for H-defect is -2.74 eV, while the cost for the C-defect is much higher,
about 11.34 eV. The coupling between the magnetic moments is either ferromagnetic or
antiferromagnetic, depending on whether the defects correspond to the same (AA) or to
different (AB) hexagonal sublattices of graphene. For a pair of hydrogen defects that are
~8 A apart from each other, the antiferromagnetically coupled defects (AB defects) are
more stable than the ferromagnetically coupled defects (AA defects), with an energy
difference of-0.58 eV. For comparison to one C-defect and one H-defect, the AB defect
pair is -0.04 eV lower in energy than the AA counterpart. In both cases,
antiferromagnetically coupled AB defects are energetically favored.
Pursuing further the idea of elongated dimer chains along zigzag, we build a
trigonal planar network of stirrup patterns. Such a network can be constructed by
expanding rhombus unit cell of graphene along the two unit directions odd-number of
times simultaneously. Illustrated in Figure 5.5a is the 7 x 7 rhombus cell with 98 carbon
atoms and 37 hydrogen atoms. The rhombus cell has a length of 17.22 A, and unit cell
contains 38% hydrogen concentration. It is worth noting the experimental maximal
concentration of hydrogenation is about 40%.18'40'127 As such, the trigonal planar
conformation appears to be the densest network for hydrogenated EG. Closer scrutiny of
the experimental STM127 reveals that there evidently exists trigonal planar conformation.
The basin of the triangular and rhombus cell has a depth of 3.9 and 3.0 A, respectively.
The basins correspond to the dark spots observed in the experimental STM.127 To
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demonstrate this effect, we highlighted in Figure 5.5a oval and round black spots in order
to mimic the basin patterns. As seen from Figure 5.5, there is a very good agreement with
the theoretically predicted trigonal planar pattern and the experimentally observed STM.
Specifically, the cell length is in conformity with each other, which strongly support the
suggested trigonal planar pattern.
Figure 5.5. (a) Top view of the trigonal planer patterned graphone and (b) Experimental
STM image adapted with permission from Ref. 38. Copyright 2009 American Chemistry
Society. Bottom panels: side view of triangular and rhombus shaped resins. Hydrogen and
carbon atoms are colored with yellow and red, respectively.
In contrast to the induced ferromagnetism due to C- and H-defects, the trigonal
planar conformation has an inherent ferromagnetic property. As seen in Figure 5.6, the
trigonal planar hydrogenated EG is a ferromagnetic semiconductor. The spin gap is about
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0.52 eV (a direct gap at K), and the magnetic moment is 1 p.B (313 a-electrons and 312 P-
electrons) per unit cell. The intrinsic ferromagnetic property is attributed to the unbalance
of the a-electrons and P-electrons in A and B sublattices (inset of Figure 5.6). It is also
worth emphasizing that the trigonal planar network is distinctive from the graphone in
that the chair confirmation is no longer energetically favored in one-sided hydrogenation.
Furthermore, the building blocks of the trigonal planar conformation—stirrup dimer
chains—correspond to the most energetically stable conformation.36'37 The
experimentally observed elongated chains are a few carbon atoms long, and two or three
carbon chains are slanted to each other, which supports our theoretical results that the
ensuing conjugation associated with the stirrup conformation yields preferred
hydrogenation patterns.40'127 In general, the trigonal planar network has another type of
"defects" in that the missing H-pairs are inevitable. However, the missing H-pairs do not
change the intrinsic ferromagnetism property, which arises from the inherent difference
of the hydrogenation on A and B lattices, which is associated with the unique trigonal
planar pattern. In fact, the quasilocalized feature of the near-gap states is reminiscent of
the relative flat dispersions of the band structure (Figure 5.6).
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Figure 5.6. Calculated band structures for trigonal planar conformation along with the
extracted charge density of near-gap states. T = (0,0), K = (-7i/3a, 2n/3a, 0,), M = (0,
7t/2a), where a = 17.22 A. The valence band maximum is set to 0 eV. Inset: calculated
spin density (a-electrons and P-electrons are colored with blue and orange, respectively)
with isovalue of 0.01 a.u.
5.3 Method
The structural and electronic properties were investigated using first-principles
density functional calculations. Our first-principles calculations are based on spin
polarized dispersion corrected density functional theory with general gradient
approximation (GGA) for exchange-correlation potential.81 We employed the dispersion
correction with the GGA using the Tkatchenko-Scheffler (TS) scheme, which exploits the
relationship between polarizability and volume.122 The TS dispersion correction accounts
for the relative variation in dispersion coefficients of differently bonded atoms by
weighing values taken from the high-quality first-principles database with atomic
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volumes derived from partitioning of the self-consistent electronic density.122 Our
calculations reveal that the dispersion corrected GGA with the exchange correlation of
Perdew-Burke-Ernzerhof (PBE)81 approximates the interlayer distance in bilayer
graphene better than the GGA PBE itself and the local density approximation (LDA)
approach. A kinetic energy change of 3 x 10~4 eV in the orbital basis and appropriate
Monkhorst-Pack A-point grids of 6 x 6 x 1 were sufficient to converge with the
integration of the charge density.123 The optimization of the atomic positions proceeds
until the change in energy is less than 1 * 10~5 eV per cell. A supercell with a vacuum
space of 16 A normal to the graphene plane was used.
The incorporation of the dispersion correction is considered to be important for
accurately describing the interlayer van der Waals interactions. The employed scheme
has been tested for various non-covalent functionalized graphene systems. It is well-
known; however, that the density-functional approach underestimates the band gaps.
Since our primary goal was to identify the ferromagnetic properties, a spin-polarized
calculation was employed. A semi-local approximation can be utilized to rectify the band
gaps. The semi-local calculation is, however, computational intensive for the trigonal
planar conformations. The rectification of the band gap is thus left for future
investigations.
5.4 Conclusion
In summary, our calculations reveal that the itinerant magnetism can be triggered
by trigonal planar network in EG, which are stable over the wide range of concentrations.
The trigonal planar pattern has an intrinsic ferromagnetic property. It is worth noting that
ferromagnetic ordering is the only possibility for the magnetism originating from
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quasilocalized states induced by the differences of the hydrogenation ofA and B
sublattices and the exchange coupling is characterized by the indirect spin-polarization
effect. As such, the proposed trigonal planar pattern is distinctive from defect-induced
ferromagnetism in that the ferromagnetic coupling is actually thermodynamically stable.
We remark, before closing, that the stirrup dimer chains and trigonal planar pattern
appear to be a typical feature of the ferromagnetic coupling in a large class of chemical
functionalized EG.39 We hope the advocated trigonal planar network can stimulate further
experimental work in this direction.
CHAPTER 6
INTRINSIC HALF-METALLICITY IN HYDROGENATED BORON-NITRIDE
NANORIBBONS
6.1 Introduction
Herein, we report on an intrinsic half-metallic behavior for fully hydrogenated
zigzag edged BNNRs (zBNNRs). Recent theoretical work indicated that the doping of B
and N in GNRs has significant impact on the magnetic behavior as the increase in boron
and nitrogen concentrations gradually opens up the gap between the valence and
conduction bands.75 The experimentally fabricated BNNRs are structural analogues to
GNRs.76 The confined states and dangling bonds located on the zigzag edges, along with
experimentally observed surface vacancies, are attributed to the distinct smooth edges in
the fabricated ribbons. The experimental advance makes the zBNNRs readily accessible
for addressing a wide range of fundamental issues and applications in spintronics
devices.76"78 The present work is thus motivated primarily by the need to attain a
thorough understanding of electronic characteristics of hydrogenated zBNNRs.
6.2 Method
The structural and electronic properties were investigated using first-principles
density-functional calculations.123 Our calculations were based on spin-polarized density
functional theory with Perdew-Burke-Ernzerhof (PBE) parametrization81 of the
generalized gradient approximation (GGA) for exchange-correlation potential. A
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supercell with a vacuum space of 16 A normal to the BN plane was used. A kinetic
energy change of 3X10"4 eV in the orbital basis and appropriate Monchorst-Pack ^-points
(6 x 6 x 1) for two dimensional structures and (10 * 1 * 1) for ribbons were sufficient to
converge the integration of the charge density. The optimization of atomic positions
proceeded until the change in energy was less than 1 * 10"5 eV per cell. Furthermore, we
employed the dispersion correction with the GGA using the Tkatchenko-Scheffier (TS)
scheme, which exploits the relationship between polarizability and volume.122 The TS
dispersion correction accounts for the relative variation in dispersion coefficients of
differently bonded atoms by weighting values taken from the high-quality firstprinciples
database with atomic volumes derived from partitioning of the self-consistent electronic
density.122'123 Although the dispersed-corrected GGA approach is known to underestimate
the gaps, we are primarily interested in the spin-polarized states and thus the
underestimate of the gap in one spin channel is less severe than the spin-restricted
cases.75
6.3 Results and Discussion
Recent theoretical work proposed patterned hydrogenation of BN that introduces
magnetic characteristics into zBNNRs,75 yet remains a challenge to be realized
experimentally. Although the zigzag edged GNRs and BNNRs are isoelectronic, they
possess distinct electronic properties. Previous theoretical studies demonstrated that
hydrogenated zigzag BNNRs have intriguing magnetic states.75 Similar to the graphane
(fully hydrogenated graphene) nanoribbons,28'29'138 the fully hydrogenated armchair
BNNRs are nonmagnetic wide-band gap semiconductors. The zigzag counterparts are
magnetic and metallic independent of ribbon width.75 The percentage of hydrogenation
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can effectively control the band gap of zBNNRs and plays a crucial role in engineering
the electronic and magnetic properties. A half-metallicity is predicted with partially
hydrogenated zBNNRs, whereas the fully hydrogenated zBNNRs become metallic.75 The
transformation from semiconductor to semimetallic and then to metallic behavior
associated with increasing the percentage of hydrogenation is closely correlated to the
preferred hydrogen adsorbate site starting from the nitrogen edge for partial
hydrogenations.75 However, the calculation75 was based on a chair conformation28 for the
hydrogenated zBNNRs.
The hydrogenated h-BN can assume various stoichiometric configurations.44'103'131
Illustrated in Figure 6.1 are the structures of the stirrup,44'74'103 boat, twist-boat, and chair
conformations of hydrogenated hexagonal BN (A-BN).44 The conformations as depicted
in Figure 6.1 are the periodic construction of distinctive chair, boat, and twist-boat
configurations of cyclohexane with non-planar hexagonal arrangements due to the
inherent tendency of the sp* hybridization on tetravalent carbons.56 For cyclohexane, the
chair isomer is the ground state configuration, while the twist-boat is the second lowest-
energy isomer. The boat and chair-twist-boat conformers are metastable states of the
twist and chair conformations, respectively.
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Stirrup Boat
Twist-boat Chair
Figure 6.1. Prospective view of optimized stirrup, boat, twist-boat, and chair
conformations of hydrogenated BN sheet. Boron, nitrogen, and hydrogen atoms are
represented with light grey, black, and white spheres, respectively. Adapted with
permission from Ref. 139. Copyright 2012 American Institute of Physics.
The counterparts of chair, twist-boat, and boat conformers of cyclohexane in two-
dimensional BN structures can be constructed accordingly. In hydrogenated fc-BN,
hydrogen attaches to BN layer from two opposite sides and hydrogenated boron and
nitrogen atoms move out of the plane. In the chair conformation, hydrogen atoms are
alternating on both sides of the plane, whereas in a boat conformation, hydrogen atoms
are alternating in pairs. The twist-boat conformation builds partially eclipsed bonds along
either armchair or zigzag directions; the latter has been identified as the most
energetically favorable nonmetallic configuration for fully oxidized GO.91 The stirrup
structure is yet another twist-boat alternative,74 in which each B and N atom is bonded to
a hydrogen atom in such a way that consecutive hydrogen atoms along the zigzag
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direction alternate on both sides of the h-EN layer. The corresponding unit cell of chair,
twistboat, boat, and stirrup conformations has P3ml, Pcall, Pmnll, and Pmnll
symmetries, respectively. We summarize in Table 6.1 the extracted binding energies,
energy gap, and the unit cell. As readily observable from Table 6.1, the stirrup is the
lowest conformation when compared to other BN conformations such as chair, boat, and
twist-boat. This is to be contrasted to graphane and fluorographane that have the chair
configuration as the most stable one.44'56'103 Our calculated results are in very good
agreement with previous calculations regarding the relative energy order between the
stirrup and chair conformations.74
Table 6.1: Calculated binding energy per BN unit (EB), the band gap (Eg), using DFT and
dispersion-corrected (dc) DFT for chair, stirrup, boat, and twist-boat conformations of
hydrogenated BN, respectively.
Structure
Stirrup
Boat
Twist-boat
Chair
E$c (eV)
-18.65
-18.55
-18.45
-18.43
Ef (eV)
6.28
6.33
5.68
4.80
£*(eV)
-18.44
-18.36
-18.22
-18.30
Eg (eV)
6.29
6.34
5.67
4.49
a x b (Az)
2.59 x 3.83
2.59 x 4.35
2.59 x 2.59
4.51 x 5.08
We have verified that for fully hydrogenated zBNNRs, the stirrup pattern has
lower energy than the boat, twist-boat, and chair counterparts. Shown in Figure 6.2 is the
calculated band structure for hydrogenated zBNNRs of stirrup conformation at two
different widths. As can be seen from Figure 6.2, the band structure in the proximity of
the Fermi level is largely independent of the width.75 Remarkably, the electronic structure
of fully hydrogenated zBNNRs shows an intrinsic half-metallicity in that the electric
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current is completely spin polarized as the result of the coexistence of metallic nature for
electrons with one spin orientation and insulating for electrons with the other. Insets in
Figure 6.2 show the spin density distribution that is predominantly localized at the edges
and decays rapidly into the center. In sharp contrast to graphene in which zigzag GNRs
have symmetric edges and the half metallicity needs to be tuned by an electric bias,69 the
hydrogenated zBNNRs are asymmetrical at the two edges. As the hydrogenation in
zBNNRs effectively reduces the gap for pristine zBNNRs, the identification of the lowest
energy stirrup conformation turns out to be pivotal.
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Figure 6.2.Calculated band structures of hydrogenated BN nanoribbon with the width of
(a) w = 24.95 A and (b) w = 57.39 A, respectively. The grey and black lines represent
spin-up and spin-down components, respectively. The Fermi level is set to 0 eV and L =
n/2a, where a = 2.60 A. Insets: The corresponding spin density with isovalue of 0.05 au.
Adapted with permission from Ref. 139. Copyright 2012 American Institute of Physics.
As the spin-polarized state is lower in energy than the spin-unpolarized state by
3.5 meV per BN dimer at the edge, the fully hydrogenated zBNNRs have interesting
magnetic properties. The half-metallicity of the hydrogenated zBNNRs is attributed to the
fact that the asymmetry of zigzag edges induces energy level shifts of opposite directions
for the spatially separated spin ordered edge states. Such separation and concerted energy
shifts are closely corroborated with the localized nature of the edge states near the Fermi
level. Specifically, the near-gap states are associated with the sp* hybridized 2p electrons
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predominantly confined at B and N edges, respectively. It turns out that the stirrup and
chair conformations yield different level shifts at the full hydrogenation.
The inter-edge coupling can be either ferromagnetic (F) or antiferromagnetic
(AF), with energies very close to each other. At the GGA level, the AF-coupled edge is
merely 1.4 meV favored in energy over the F-coupled edge per BN dimer. The inclusion
of dispersion correction improves the description of van der Waals interaction and leads
to an improvement of-0.16 meV per BN dimer for the AF coupling. A natural question
arises as to whether the half-metallicity is stable as the edge smoothness or the mixture of
the stirrup with other conformations may change qualitatively this feature. It is thus
important to investigate the factors that contribute to the stability of the half-metallicity.
Analogous to the zigzag terminated GNRs, the half-metallic property is tunable
by a transverse electric bias. Because the spin states of opposing orientations are located
at the opposite sides of the zBNNR, the effect of external electric field on the level shifts
is concerted: the occupied and unoccupied a-spin states move closer in energy while the
corresponding /?-spin states move apart. We demonstrate in Figure 6.3 the calculated
electron density of states under the influence of an external electric bias. The metallic
(red) and semiconducting (green) spin channels correspond to the boron and nitrogen
terminated edge states, respectively. With an electric bias applied along the direction
from the B to N edges, the electrostatic potential is raised on the B edge and lowered on
the N edge as electric field increases. Consequently, the bands associated localized edge
states on the B side are shifted upward and those on the N one downwards, eventually
leaving states of only one spin orientation near the Fermi level.
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Figure 6.3. Calculated band gaps of semi-hydrogenated bilayer graphene in chair
structure with (a) -0.26 V/ A electric bias, (b) no bias, and (c) 0.39 V/ A electric bias,
respectively. Insets: extracted spin density distribution at the band center (r point) of the
corresponding conduction and valence states. The isovalue is 0.025 au. Adapted with
permission from Ref. 139. Copyright 2012 American Institute of Physics.
To illustrate the effect of the electric bias, we depict in Figure 6.4 the extracted
charge densities for the valence band maximum (VBM) and conduction band minimum
(CBM) states that have predominant charge confinement at N and B edges, respectively.
As seen from Figure 6.4, the charge distribution at the edge is virtually identical with or
without the electric bias. The predominant difference can be identified in the dashed
boxes where the charge of the occupied (unoccupied) state becomes more (less) confined
in the region. The modification of the oscillating behavior is correlated to a substantial
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enhancement of the half-metallicity. Conversely, with an electric bias applied in the
opposite direction, the half-metallicity is lessened and eventually demolished. An
important ramification is that the charge distributions at the edges can be tuned, resulting
in an effectively tailoring of the half-metallicity behavior.
Figure 6.4. Calculated spin density (isovalue of 0.05 au) for hydrogenated BN zigzag
nanoribbons with (a) -0.13 V/A, (b) no bias, and (c) 0.13 V/A electric bias, respectively.
Adapted with permission from Ref. 139. Copyright 2012 American Institute of Physics.
6.4 Conclusion
To summarize, we have studied the structural stability and magnetic properties of
hydrogenated zBNNRs based on the dispersion-corrected first-principles calculations.
Among various prototype conformations, the stirrup conformation that resembles the
puckered BN (100) surface is the most stable configuration. The stirrup zBNNRs are in
an intrinsic half metallic state, in contrast to the chair counterpart. More importantly, we
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have demonstrated that the half-metallicity can be substantially enhanced and tunable
with in-plane homogeneous transverse electric fields being applied across zBNNRs. We
believe that these results provide crucial insight into the interplay between electric field
and electronic spin degree of freedom in zBNNRs, which is important to explore
spintronics at the nanoscale level. We hope that the advocated half-metallic features of
the hydrogenated zBNNRs promote future experimental studies in this direction.
77
References
1 Geim, A. K.; Novoselov, K. S. The Rise of Graphene. Nature Mater. 2007, 6, 183.
2 Berger, C; Song, Z.; Li, X.; Wu, X.; Brown, N.; Naud, C; Mayou, D.; Li, T.; Hass,
J.; Marchenkov, A. N. et al, Electronic Confinement and Coherence in Patterned
Epitaxial Graphene. Science 2006, 312, 1191.
3 Zhang, Y.; Jiang, Z.; Small, J. P.; Purewal, M. S.; Tan, Y.-W.; Fazlollahi, M;
Chudow, J. D.; Jaszczak, J. A.; Stormer, H. L.; Kim, P. Landau-Level Splitting in
Graphene in High Magnetic Fields. Phys. Rev. Lett. 2006, 96, 136806.
4 Novoselov, K. S.; Geim, A. K.; Morozov, S. V.; Jiang, D.; Katsnelson, M. I.;
Grigorieva, I. V.; Dubonos, S. V.; Firsov, A. A. Two-Dimensional Gas of Massless
Dirac Fermions in Graphene. Nature 2005, 438, 197.
5 Zhang, Y.; Tan, Y. W.; Stormer, H. L.; Kim, P. Experimental Observation of the
Quantum Hall Effect and Berry's Phase in Graphene. Nature 2005,438, 201.
6 Geim, A. K.; Morozov, S. V.; Hill, E. W.; Blake, P.; Katsnelson, M. I.; Novoselov, K.
S.; Detection of Individual gas Molecules Adsorbed on Graphee. Nature Mater. 2007,
6, 652.
7 Ohta, T.; Bostwick, A.; Seyller, T.; Horn, K.; Rotenberg, E. Controlling the
Electronic Structure of Bilayer Graphne. Science 2006, 313, 951.
8 Tombros, N.; Jozsa, C; Popinciuc, M.; Jonkman, H. T.; Van Wees, B. J. Electronic
Spin Transport and Spin Precession in Single Graphene Layers at Room Temperature.
Nature 2001, 448, 571.
78
9 Novoselov, K. S.; Geim, A.; Morozov, S.; Jiang, D.; Zhang, Y.; Dubonos, S.;
Grigorieva, I.; Firsov, A. Electric Field Effect in Atomically Thin Carbon Films.
Science 2004, 306,666.
10 Nair, R. R.; Blake, P.; Grigorenko, A. N.; Novoselov, K. S.; Booth, T. J.; Stauber, T.;
Peres, N. M. R.; Geim, A. K. Fine Structure Constant Defines Visual Transparency of
Graphene. Science 2008, 320, 1308.
11 Schwierz, F. Graphene Transistors. Nat. Nanotechnol. 2010, 5,487.
12 Balandin, A. A.; Ghosh, S.; Bao, W.; Calizo, I.; Teweldebrhan, D.; Miao, F.; Lau, C.
N. Superior Thermal Conductivity of Single-Layer Graphene. Nano Lett. 2008,8,
902.
13 Shao, Q.; Liu, G.; Teweldebrhan, D.; Balandin, A. A. High-Temperature Quenching
of Electrical Resistance in Graphene Interconnects. Appl. Phys. Lett. 2008, 92,
202108.
14 Cohen-Kami, T.; Qing, Q.; Li, Q.; Fang, Y.; Lieber, C. M; Graphene and Nanowire
Transistors for Cellular Interfaces and Electrical Recording. Nano Lett. 2010,10,
1098.
15 de Heer, W. A.; Berger, C; Ruan, M.; Sprinkle, M.; Li, X.; Hu, Y.; Zhang, B.;
Hankinson, J.; Conrad, E. H.; Large Area and Structured Epitaxial Graphene
Produced by Confinement Controlled Sublimation of Silicon Carbide. Proc. Natl.
Acad. Sci. 2011,108,16900.
16 Wang, X.; Zhi, L.; Mullen, K. Transparent, Conductive Graphene Electrodes for
Dye-Sensitized Solar Cells. Nano Lett. 2008, 8, 323.
79
17 Gilje, S.; Han, S.; Wang, M.; Wang, K, L.; Kaner, R. B. A Chemical Route to
Graphene for Device Applications. Nano Lett. 2007, 7, 3394.
18 Wang, Y.; Huang, Y.; Song, Y.; Zhang, X.; Ma, Y.; Liang, J.; Chen, Y. Room-
Temperature Ferromagnetism of Graphene. Nano Lett. 2009, 9, 220.
19 Wang, X.; Ouyang, Y.; Li, X.; Wang, H.; Guo, J.; Dai, H. Room-Temperature All-
Semiconducting Sub-10-nm Graphene Nanoribbon Field-Effect Transistors. Phys.
Rev. Lett. 2008,100,206803.
20 Leenaerts, O.; Partoens, B.; Peeters, F. M. Hydrogenation of Bilayer Graphene and
the Formation of Bilayer Graphane from First Principles. Phys. Rev. B 2009, 80,
245422.
21 Li, X.; Wang, X.; Zhang, L.; Lee, S.; Dai, D. Chemically Derived, Ultrasmooth
Graphene Nanoribbon Semiconductors. Science 2008, 319, 1229.
22 Xia, F.; Fanner, D. B.; Lin, Y. M.; Avouris, P. Graphene Field-Effect Transistors
With High On/Off Current Ratio and Large Transport Band Gap at Room
Temperature. Nano Lett. 2010,10, 715.
23 Castro, E. V.; Novoselov, K. S.; Morozov, S. V.; Peres, N. M. R.; Dos Santos, J. M.
B. L.; Nilsson, J.; Guinea, F.; Geim, A. K.; Neto, A. H. C. Biased Bilayer Graphene:
Semiconductor with a Gap Tunable by the Electric Field Effect. Phys. Rev. Lett.
2007, 99, 216802.
24 Zhang, Y.; Tang, T. T.; Girit, C; Hao, Z.; Martin, M. C; Zettl, A.; Crommie, M. F.;
Shen, Y. R.; Wang, F. Direct Observation of a Widely Tunable Bandgap in Bilayer
Graphene. Nature 2009, 459, 820.
80
25 Mak, K. F.; Lui, C. H.; Shan, J.; Heinz, T. F.; Observation of an Electric-Field-
Induced Band Gap in Bilayer Graphene by Infrared Spectroscopy. Phys. Rev. Lett.
2009,102,256405.
26 Han, M. Y.; Ozyilmaz, B.; Zhang, Y.; Kim, P. Energy Band Gap Engineering of
Graphene Nanoribbons. Phys. Rev. Lett. 2007, 98,206805.
27 Samarakoon, D. K.; Wang, X.-Q. Tunable Band gap in Hydrogenated Bilayer
Graphene. ACSNano 2010,4, 4126.
28 Sofo, J. O.; Chaudhari, A. S.; Barber, G. D. Graphane: A Two-Dimensional
Hydrocarbon. Phys. Rev. B. 2007, 75, 153401.
29 Elias, D. C; Nair, R. R.; Mohiuddin, T. M. G.; Morozov, S. V.; Blake, P.; Halsall,
M. P.; Ferrari, A. C; Boukhvalov, D. W.; Katsnelson, M. I.; Geim, A. K.; Novoselov,
K. S. Control of Graphene's Properties by Reversible Hydrogenation: Evidence for
Graphane. Science 2009, 323, 610.
30 Cheng, S. H.; Zou, K.; Okino, F.; Gutierrez, H. R.; Gupta, A.; Shen, N.; Eklund, P.
C; Sofo, J. O.; Zhu, J.; Reversible Fluorination of Graphene: Evidence of a Two-
Dimensional Wide Band Gap Semiconductor. Phys. Rev. B 2010, 81,205435.
31 Withers, F.; Dubois, M.; Savchenko, A. K.; Electron Properties of Fluorinated Single-
Layer Graphene Transistors. Phys. Rev. B 2010, 82, 073403.
32 Nair, R. R.; Ren, W. C; Jalil, R.; Riaz, I.; Kravets, V. G.; Britnell, L.; Blake, P.;
Schedin, F.; Mayorov, A. S.; Yuan, S.; Katsnelson, M. I.; Cheng, H.-M.; Strupinski,
W.; Bulusheva, L. G.; Okotrub, A. V.; Grigorieva, I. V.; Grigorenko, A. N.;
Novoselov, K. S.; Geim, A. K.; Fluorographene: a Two-Dimensional Counterpart of
Teflon. Small 2010, 6,2877.
81
33 Robinson, J. T.; Burgess, J. S.; Junkermeier, C. E.; Badescu, S. C; Reinecke, T. L.;
Perkins, F. K.; Zalalutdniov, M. K.; Baldwin, J. W.; Culbertson, J. C; Sheehan, P. E.;
Snow, E. S.; Properties of Fluorinated Graphene Films. Nano Lett. 2010,10,3001.
34 Zboril, R.; Karlicky, F.; Bourlinos, A. B.; Steriotis, T. A.; Stubos, A. K.; Georgakilas,
V.; Safarova, K.; Jancik, D.; Trapalis, C; Otyepka, M.; Graphene Fluoride: a Stable
Stoichiometric Graphene Derivative and its Chemical Conversion to Graphene. Small
2010, 6, 2885.
35 Jeon, K.-J.; Lee, Z.; Pollak, E.; Moreschini, L.; Bostwick, A.; Park, C.-M.;
Mendelsberg, R.; Radmilovic, V.; Kostecki, R.; Richardson, T. J.; Rotenberg, E.
Fluorographene: A Wide Bandgap Semiconductor with Ultraviolet Luminescence.
ACS Nano 2011,5, 1042.
36 Ryu, S.; Han, M. Y.; Maultzsch, J.; Heinz, T. F.; Kim, P.; Steigerwald, M. L.; Brus,
L. E. Reversible Basal Plane Hydrogenation of Graphene. Nano Lett, 2008, 8,4597.
37 Ci, L.; Xu, Z.; Wang, L.; Gao, W.; Ding, F.; Kelly, K. F.; Yakobson, B. I.; Ajayan, P.
M; Controlled Nanocutting of Graphene. Nano Res. 2008,1, 116.
38 Zhang, H.; Bekyarova, E.; Huang, J. W.; Zhao, Z.; Bao, W.; Wang, F.; Haddon, R.
C; Lau, C. N. Aryl Functionalization as a Route to Band Gap Engineering in Single
Layer Graphene Devices. Nano Lett. 2011,11,4047.
39 Hong, J.; Bekyarova, E.; Liang, P.; de Heer, W. A.; Haddon, R. C; Khizroev, S.
Room-Temperature Magnetic Ordering in Functionalized Grapheme. Sci. Rep. 2012,
2, 624.
40 Guisinger, N. P.; Rutter, G. M.; Crain, J. N.; First, P. N.; Stroscio, J. A. Exposure of
Epitaxial Graphene on SiC(0001) to Atomic Hydrogen. Nano Lett. 2009, 9,4.
82
41 Emtsev, K. V.; Bostwick, A.; Horn, K.; Jobst, J.; Kellogg, G. L.; Ley, L.;
McChesney, J. L.; Ohta, T.; Reshanov, S. A.; Rohrl, J.; Rotenberg, E.; Schmid, A. K.;
Waldmann, D.; Weber, H. B.; Seyller, Th. Towards Wafer-Size Graphene Layers by
Atmospheric Pressure Graphitization of Silicon Carbide. Nature Mater. 2009,8,203.
42 Reina, A.; Jia, X.; Ho, J.; Nezich, D.; Son, H.; Bulovic, V.; Dresselhaus, M. S.; Kong,
J. Large Area, Few-Layer Graphene Films on Arbitrary Substrates by Chemical
Vapor Deposition. Nano Lett. 2009, 9, 30.
43 Chen, Z.; Wang, X.-Q. Stacking-Dependent Optical Spectra and Many-Electron
Effects in Bilayer Graphene. Phys. Rev. B 2011, 53, 081405.
44 Samarakoon, D. K.; Chen, Z.; Nicolas, C; Wang, X.-Q. Structural and Electronic
Properties of Fluorographene. Small 2011, 7, 965.
45 Zhou, J.; Wang, Q.; Sun, Q.; Jena, P. Stability and Electronic Structure of Bilayer
Graphone. Appl. Phys. Lett. 2011, 98,063108.
46 Sivek, J.; Leenaerts, O.; Partoens, B.; Peeters, F. M. First-Principles Investigation of
Bilayer Fluorographene. J. Phys. Chem. C2012,116,19240.
47 Ribas, M. A.; Singh, A. K.; Sorokin, P. B.; Yakobson, B. I. Patterning Nanoroads and
Quantum Dots on Fluorinated Graphene. Nano Res. 2011, 4,143.
48 Zhu, L.; Hu, H.; Chen, Q.; Wang, S.; Wang, J.; Ding, F. Formation and Electronic
Properties of Hydrogenated Few Layer Grapheme. Nanotechnology 2011,22,
185202.
49 Chernozatonskii, L. A.; Sorokin, P. B.; Kuzubov, A. A.; Sorokin, B. P.; Kvashnin, A.
G.; Kvashnin, D. G.; Avramov, P. V.; Yakobson, B. I. Influence of Size Effect on the
50
83
Electronic and Elastic Properties of Diamond Films with Nanometer Thickness. J.
Phys. Chem. C2011,115,132.
Avetisyan, A. A.; Partoens, B.; Peeters, F. M. Stacking Order Dependent Electric
Field Tuning of the Band Gap in Graphene Multilayers. Phys. Rev. B 2010, 81,
115432.
51 Zhang, Z.; Chen, C; Zeng, X. C; Guo, W. Tuning the Magnetic and Electronic
Properties of Bilayer Graphene Nanoribbons on Si(001) by Bias Voltage. Phys. Rev.
B 2010, 81, 155428.
52 Sahu, B.; Min, H.; Banerjee, S. K. Effects of Edge Magnetism and External Electric
Field on Energy Gaps in Multilayer Graphene Nanoribbons. Phys. Rev. B 2010, 82,
115426.
53 Xie, L.; Wang, X.; Lu, J.; Ni, Z.; Luo, Z.; Mao, H.; Wang, R.; Wang, Y.; Huang, H.;
Qi, D.; Liu, R.; Yu, T.; Shen, Z.; Wu, T.; Peng, H.; Ozyilmaz, B.; Loh, K.; Wee, A.
T. S.; Ariando; Chen, W. Room Temperature Ferromagnetism in Partially
Hydrogenated Epitaxial Graphene. Appl. Phys. Lett. 2011, 98,193113.
54 Pisani, L.; Montanari, B.; Harrison, N. M. A Defective Graphene Phase Predicted to
be a Room Temperature Ferromagnetic Semiconductor. New J. Phys. 2008,10,
033002.
55 Zhou, J.; Wang, Q.; Sun, Q.; Chen, X. S.; Kawazoe, Y.; Jena, P. Ferromagnetism in
Semi-Hydrogenated Graphene Sheet. Nano Lett. 2009, 9, 3867.
56 Samarakoon, D. K.; Wang, X.-Q. Chair and Twist-Boat Membranes in Hydrogenated
Graphene. ACS Nano 2009,3, 4017.
84
57 Stankovich, S.; Dikin, D. A.; Dommett, G. H. B.; Kohlhaas, K. M.; Zimney, E. J.;
Stach, E. A.; Piner, R. D.; Nguyen, S. T.; Ruoff, R. S. Graphene-Based Composite
Materials. Nature 2006, 442, 282.
58 Yan, J.-A.; Xian, L.; Chou, M. Y. Structural and Electronic Properties of Oxidized
Graphene. Phys. Rev. Lett. 2009,103, 086802.
59 Kudin, K. N.; Ozbas, B.; Schniepp, H. C; Prud'homme, R. K.; Aksay, I. A.; Car, R.
Raman Spectra of Graphite Oxide and Functionalized Graphene Sheets. Nano Lett.
2008, 8, 36.
60 Yan, J.-A.; Ruan, W. Y.; Chou, M. Y. Phonon Dispersions and Vibrational Properties
of Monolayer, Bilayer, and Trilayer Graphene: Density-Functional Perturbation
Theory. Phys. Rev. B: Condens. Matter Mater. Phys. 2008, 77, 125401.
61 Li, J. L.; Kudin, K. N.; McAllister, M. J.; Prudhomme, R. K.; Aksay, I. A.; Car, R.
Oxygen-Driven Unzipping of Graphitic Materials. Phys. Rev. Lett. 2006, 96,176101.
62 Boukhvalov, D. W.; Katsnelson, M. I. Modeling of Graphite Oxide. J. Am. Chem.
Soc. 2008,130, 10697.
63 Li, Z. Y.; Zhang, W. H.; Luo, Y.; Yang, J. L.; Hou, J. G. How Graphene Is Cut Upon
Oxidation?. J. Am. Chem. Soc. 2009,131, 6320.
64 Liu, L.; Ryu, S.; Tomasik, M. R.; Stolyarova, E.; Jung, N.; Hybertsen, M. S.;
Steigerwald, M. L.; Brus, L. E.; Flynn, G. W. Graphene Oxidation: Thickness-
Dependent Etching and Strong Chemical Doping. Nano Lett. 2008, 8, 1965.
65 Kim, D. C; Jeon, D.-Y.; Chung, H.-J.; Woo, Y.; Shin, J. K.; Seo, S. The Structural
and Electrical Evolution of Graphene by Oxygen Plasma-Induced Disorder.
Nanotechnology 2009, 20, 375703.
85
66 Laughlin, R. B. Anomalous Quantum Hall Effect: An Incompressible Quantum Fluid
with Fractionally Charged Excitations. Phys. Rev. Lett. 1983, 50,1395.
67 Jain, J. K. Composite-Fermion Approach for the Fractional Quantum Hall Effect.
Phys. Rev. Lett. 1989, 63,199.
68 Ciftja, O. Exact Results for a Composite-Fermion Wave Function. Phys. Rev. B 1999,
59, 8132.
69 Son, Y.-W.; Cohen, M. L.; Louie, S. G. Half-Metallic Graphene Nanoribbons. Nature
2006,444, 347.
70 Barone, V.; Hod, O.; Scuseria, G. E. Electronic Structure and Stability of
Semiconducting Graphene Nanoribbons. Nano Lett. 2006, 6, 2748.
71 Yang, L.; Cohen, M. L.; Louie, S. G. Magnetic Edge-State Excitons in Zigzag
Graphene Nanoribbons. Phys. Rev. Lett. 2008,101, 186401.
72 Son, Y.-W.; Cohen, M. L.; Louie, S. G.; Energy Gaps in Graphene Nanoribbons.
Phys. Rev. Lett. 2006, 97,216803.
73 Koskinen, P.; Malola, S.; Hakkinen, H. Self-Passivating Edge Reconstructions of
Graphene. Phys. Rev. Lett. 2008,101,115502.
74 Bhattacharya, A.; Bhattacharya, S.; Majumder, C; Das, G. P. First Principles
Prediction of the Third Conformer of Hydrogenated BN Sheet. Phys. Status Solidi
RPL 2010, 4, 368.
75 Chen, W.; Li, Y.; Yu, G.; Li, C; Zhang, S.; Zhou, Z.; Chen, C. Hydrogenation: A
Simple Approach to Realize Semiconductor-Half-Metal-Metal Transition in Boron
Nitride Nanoribbons. J. Am. Chem. Soc. 2010,132, 1699.
77
78
86
76 Zeng, H.; Zhi, C; Zhang, Z.; Wei, X.; Wang, X.; Guo, W.; Bando, Y.; Golberg, D.
"White Graphenes": Boron Nitride Nanoribbons via Boron Nitride Nanotube
Unwrapping. NanoLett. 2010,10, 5049.
Erickson, K. J.; Gibb, A. L.; Sinitskii, A.; Rousseas, M.; Alem, N.; Tour, J. M.; Zettl,
A. K. Longitudinal Splitting of Boron Nitride Nanotubes for the Facile Synthesis of
High Quality Boron Nitride Nanoribbons. Nano Lett. 2011,11, 3221.
Song, L.; Ci, L.; Lu, H.; Lu, H.; Sorokin, P. B.; Jin, C; Ni, J.; Kvashnin, A. G.;
Kvashnin, D. G.; Lou, J. et al. Large Scale Growth and Characterization of Atomic
Hexagonal Boron Nitride Layers. Nano Lett. 2010,10, 3209.
79 Lahaye, R. J. W. E.; Jeong, H. K.; Park, C. Y.; Lee, Y. H. Density Functional Theory
Study of Graphite Oxide for Different Oxidation Levels. Phys. Rev. B: Condens.
Matter Mater. Phys. 2009, 79, 125435.
Flores, M. Z. S.; Autreto, P. A. S.; Legoas, S. B.; Galvao, D. S. Graphene to
Graphane: A Theoretical Study. Nanotechnology 2009,20, 465704.
Perdew, J. P.; Burke, K.; Ernzerhof, M. Generalized Gradient Approximation Made
Simple. Phys. Rev. Lett. 1996, 77, 3865.
Clark, S. J.; Segall, M. D.; Pickard, C. J.; Hasnip, P. J.; Probert, M. J.; Refson, K.;
Payne, M. C. Z. First Principles Methods Using CASTEP. Kristallogr. 2005,220,
567.
Payne, M. C; Teter, M. P.; Allan, D. C; Arias, T. A.; Joannopoulos, J. D. Iterative
Minimization Techniques for Ab Initio Total-Energy Calculations: Molecular
Dynamics and Conjugate Gradients. Rev. Mod. Phys. 1992, 64, 1045.
80
81
82
83
87
84 Becke, A. D. Density-Functional Thermochemistry. III. The Role of Exact Exchange.
/. Chem. Phys. 1993,98, 5648.
85 Lee, C; Yang, W.; Parr, R. G. Development of the Colle-Salvetti Correlation-Energy
Formula into a Functional of the Electron Density. Phys. Rev. B 1988,37, 785.
86 Elstner, M.; Porezag, D.; Jungnickel, G.; Eisner, J.; Haugk, M.; Frauenheim, T.;
Suhai, S.; Seifert, G. Self-Consistent-Charge Density-Functional Tight-Binding
Method for Simulations of Complex Materials Properties. Phys. Rev. B: Condens.
Matter Mater. Phys. 1998, 55, 7260.
87 Wang, C. Z.; Ho, K. M.; Chan, C. T. Tight-Binding Molecular-Dynamics Study of
Amorphous Carbon. Phys. Rev. Lett. 1993, 70,611.
88 Wilson, N. R.; Pandey, P. A.; Beanland, R.; Young, R. J.; Kinloch, I. A.; Gong, L.;
Liu, Z.; Suenaga, K.; Rourke, J. P.; York, S. J.; Sloan, J. Graphene Oxide: Structural
Analysis and Application as a Highly Transparent Support for Electron Microscopy.
ACSNano 2009, 3,2547.
89 Lee, D. W.; Santos, L. V. De Los; Seo, J. W.; Leon, F. L.; Bustamante, D. A.; Cole, J.
M.; Barnes, C. H. W. The Structure of Graphite Oxide: Investigation of its Surface
Chemical Groups. J. Phys. Chem. B 2010,114, 5723.
90 Casabianca, L. B.; Shaibat, M. A.; Cai, W. W.; Park, S.; Piner, R.; Ruoff, R. S.; Ishii,
Y. NMR-Based Structural Modeling of Graphite Oxide using Multidimensional 13C
Solid-State NMR and Ab Initio Chemical Shift Calculations. J. Am. Chem. Soc. 2010,
132, 5672.
91 Samarakoon, D. K.; Wang, X.-Q. Twist-Boat Conformation in Graphene Oxides.
Nanoscale 2011, 3,192.
88
92 Gomez-Navarro, C; Meyer, J. C; Sundaram, R. S.; Chuvilin, A.; Kurasch, S.;
Burghard, M.; Kern, K.; Kaise, U. Atomic Structure ofReduced Graphene Oxide.
NanoLett. 2010, 70,1144.
93 Pandeya, D.; Reifenberger, R.; Piner, R. Scanning Probe Microscopy Study of
Exfoliated Oxidized Graphene Sheets. Surf. Sci. 2008, 602, 1607.
94 Xiang, H. J.; Wei, S.-H.; Gong, X. G. Structural Motifs in Oxidized Graphene: A
Genetic Algorithm Study Based on Density Functional Theory. Phys. Rev. B:
Condens. Matter Mater. Phys. 2010, 82, 035416.
95 Cote, L. J.; Cruz-Silvaand, R.; Huang, J.-X. Flash Reduction and Patterning of
Graphite Oxide and Its Polymer Composite. J. Am. Chem. Soc. 2009,131, 11027.
96 Dresselhaus, M. S.; Jorio, A.; Hofmann, M.; Dresselhaus, G.; Saito, R. Perspectives
on Carbon Nanotubes and Graphene Raman Spectroscopy. Nano Lett. 2010,10, 751.
97 Baroni, S.; de Gironcoli, S.; dal Corso, A.; Giannozzi, P. Phonons and Related
Crystal Properties from Density-Functional Perturbation Theory. Rev. Mod. Phys.
2001 73,515.
98 Porezag, D.; Pederson, M. R. Infrared Intensities and Raman-Scattering Activities
within Density-Functional Theory. Phys. Rev. B 1996, 54, 7830.
99 Dikin, D. A.; Stankovich, S.; Zimney, E. J.; Piner, R. D.; Dommett, G. H. B.;
Evmenenko, G.; Nguyen, S. T.; Ruoff, R. S. Preparation and Characterization of
Graphene Oxide Paper. Nature 2007, 448,457.
100 Eda, G.; Chhowalla, M. Chemically Derived Graphene Oxide: Towards Large-Area
Thin-Film Electronics and Optoelectronics. Adv. Mater. 2010, 22, 2392.
89
101 Flores, M. Z. S.; Autreto, P. A. S.; Legoas, S. B.; Galvao, D. S. Graphene to
Graphane: a Theoretical Study. Nanotechnology 2009,20, 465704.
102 Klintenberg, M.; Lebegue, S.; Katsnelson, M. I.; Eriksson, O. Theoretical Analysis of
the Chemical Bonding and Electronic Structure of Graphene Interacting with Group
IA and Group VIIA Elements. Phys. Rev. B 2010, 81, 085433.
103 Leenaerts, O.; Peelaers, H.; Hernandez-Nieves, A. D.; Partoens, B.; Peeters, F. M.
First-Principles Investigation of Graphene Fluoride and Graphane. Phys. Rev. B 2010,
82,195436.
104 Marini, A.; Hogan, C; Griming, M; Varsano, D. Yambo: An Ab Initio Tool for
Excited State Calculations. Comput. Phys. Commun. 2009,180,1392.
105 Gonze, X.; Beuken, J. M.; Caracas, R.; Detraux, F.; Fuchs, M.; Rignanese, G. M;
Sindic, L.; Verstraete, M.; Zerah, G.; Jollet, F.; Torrent, M.; Roy, A.; Mikami, M.;
Ghosez, Ph.; Raty, J. Y.; Allan, D. C. First-Principles Computation of Material
Properties : the ABINIT Software Project. Comp. Mater. Sci. 2002,25,478.
106 Yang, L.; Deslippe, J.; Park, C. H.; Cohen, M. L.; Louie, S. G. Excitonic Effects on
the Optical Response of Graphene and Bilayer Graphene. Phys. Rev. Lett. 2009,103,
186802.
107 Cudazzo, P.; Attaccalite, C; Tokatly, I. V.; Rubio, A. Strong Charge-Transfer
Excitonic Effects and the Bose-Einstein Exciton Condensate in Graphane. Phys. Rev.
Lett. 2010,104, 226804.
108 Singh, M. K.; Titus, E.; Goncalves, G.; Marques, P. A. A. P.; Bdikin, I.; Kholkin, A.
L.; Gracio, J. J. A. Atomic-Scale Observation of Rotational Misorientation in
Suspended Few-Layer Graphene Sheets. Nanoscale 2010, 2, 700.
109
90
Orlita, M. M.; Faugeras, C. M.; Plochocka, P. M.; Neugebauer, P. K.; Martinez, G.
M; Maude, D. K.; Barra, A. M.; Sprinkle, M. A.; Berger, C. M.; de Heer, W. A. et al.
Approaching the Dirac Point in High-Mobility Multilayer Epitaxial Graphene. Phys.
Rev. Lett. 2008,707,267601.
110 Partoens, B.; Peeters, F. M. From Graphene to Graphite: Electronic Structure around
the K Point. Phys. Rev. B: Condens. Matter Mater. Phys. 2006, 74, 075404.
111 Latil, S.; Henrard, L. Charge Carriers in Few-Layer Graphene Films. Phys. Rev. Lett.
2006, 97, 036803.
112 Grueneis, A.; Attaccalite, C; Wirtz, L.; Shiozawa, H.; Saito, R.; Pichler, T.; Rubio,
A. Tight-Binding Description of the Quasiparticle Dispersion of Graphite and Few-
Layer Graphene. Phys. Rev. B: Condens. Matter Mater. Phys. 2008, 78, 205425.
113 Craciun, M. F.; Russo, S.; Yamamoto, M.; Oostinga, J. B.; Morpurgo, A. F.; Thrucha,
S. Trilayer Graphene is a Semimetal with a Gate-Tunable Band Overlap. Nat.
Nanotechnol. 2009, 4, 383.
114 Mak, K. F.; Sfeir, M. Y.; Misewich, J. A.; Heinz, T. F. The Evolution of Electronic
Structure in Few-Layer Graphene Revealed By Optical Spectroscopy. Proc. Natl.
Acad. Sci. 2010, 707, 14999.
115 Wang, H. M.; Wu, Y. H.; Ni, Z. H.; Shen, Z. X. Electronic Transport and Layer
Engineering in Multilayer Graphene Structures. Appl. Phys. Lett. 2008, 92,053504.
Sahu, B.; Min, H.; MacDonald, A. H.; Banerjee, S. K. Energy Gaps, Magnetism, and
Electric-Field Effects in Bilayer Graphene Nanoribbons. Phys. Rev. B: Condens.
Matter Mater. Phys. 2008, 78, 045404.
116
91
117 Mele, E. J. Commensuration and Interlayer Coherence in Twisted Bilayer Graphene.
Phys. Rev. B: Condens. Matter Mater. Phys. 2010, 81, 161405.
118 Kindermann, M.; Mele, E. J. Landau Quantization in Twisted Bilayer Graphene: the
Dirac Comb. Phys. Rev. B: Condens. Matter Mater. Phys. 2011, 84, 161406(R).
119 Partoens, B.; Peeters, F. M. Normal and Dirac Fermions in Graphene Multilayers.
Phys. Rev. B: Condens. Matter Mater. Phys. 2007, 75, 193402.
120 Sun, D.; Divin, C; Rioux, J.; Sipe, J. E.; Berger, C; de Heer, W. A.; First, P. N.;
Norris, T. B. Coherent Control of Ballistic Photocurrents in Multilayer Epitaxial
Graphene Using Quantum Interference. Nano Lett. 2010,10, 1293.
121 Williams, M. D.; Samarakoon, D. K.; Hess D. W.; Wang, X.-Q. Tunable Bands in
Biased Multilayer Epitaxial Graphene. Nanoscale 2012, 4, 2962.
122 Tkatchenko, A.; Scheffler, M. Accurate Molecular Van Der Waals Interactions from
Ground-State Electron Density and Free-Atom Reference Data. Phys. Rev. Lett. 2009,
102, 073005.
123 DMol3, Accelrys Software Inc., San Diego, CA 2011.
124 Coleman, J. N. et al. Two-Dimensional Nanosheets Produced by Liquid Exfoliation
of Layered Materials. Science 2011, 331, 568.
125 Ma, Y.; Dai, Y.; Guo, M.; Niu, C; Huang, B. Graphene Adhesion on MoS2
Monolayer: an Ab Initio Study. Nanoscale 2011, 3, 3883.
126 Ma, Y.; Dai, Y.; Wei, W.; Niu, C; Yu, L.; Huang, B. First-Principles Study of the
Graphene@MoSe2 Heterobilayers. J. Phys. Chem. C2011,115,20237.
92
127 Balog, R.; Jergensen, B.; Wells, J.; Lasgsgaard, E.; Hofmann, P.; Besenbacher, F.;
Hornekaer, L. Atomic Hydrogen Adsorbate Structures on Graphene. J. Am. Chem.
Soc. 2009,131, 8744.
128 Casolo, S.; Lowik, O. M.; Martinazzo, R.; Tantardini, G. F. Understanding
Adsorption of Hydrogen Atoms on Graphene. J. Chem. Phys. 2009,130, 54704.
129 Hornekaer, L.; Sljivancanin, Z.; Xu, W.; Otero, R.; Rauls, E.; Stensgaard, I.;
Laegsgaard, E.; Hammer, B.; Besenbacher, F. Metastable Structures and
Recombination Pathways for Atomic Hydrogen on the Graphite (0001) Surface. Phys.
Rev. Lett. 2006, 96, 156104.
130 Ferro, Y.; Teillet-Billy, D.; Rougeau, N.; Sidis, V.; Morisset, S.; Allouche, A. Optical
Conductivity of Graphene in the Visible Region of the Spectrum. Phys. Rev. B 2008,
78,8.
131 Wen, X.-D.; Hand, L.; Labet, V.; Yang, T.; Hoffmann, R.; Ashcroft, N. W.; Oganov,
A. R.; Lyakhov, A. O. Graphane Sheets and Crystals Under Pressure. Proc. Natl.
Acad. Sci. 2011,108, 6833.
132 Boukhvalov, D. W.; Katsnelson, M. I.; Lichtenstein, A. I. Hydrogen on Graphene:
Electronic Structure, Total Energy, Structural Distortions and Magnetism from First-
Principles Calculations. Phys. Rev. B 2008, 77, 035427.
133 Yazyev, O. V.; Helm, L. Defect-Induced Magnetism in Graphene. Phys. Rev. B 2007,
75, 125408.
134 Ruffieux, P.; Groning, O.; Schwaller, P.; Schlapbach, L.; Groning, P. Hydrogen
Atoms Cause Long-Range Electronic Effects on Graphite. Phys. Rev. Lett. 2000, 84,
4910.
93
135 Mizes, H. A.; Foster, J. S. Long-Range Electronic Perturbations Caused by Defects
Using Scanning Tunneling Microscopy. Science 1989,244, 559.
136 Ruffieux, P.; Melle-Franco, M.; GrOning, O.; Bielmann, M.; Zerbetto, F.; Groning, P.
Charge-Density Oscillation on Graphite Induced By the Interference of Electron
Waves. Phys. Rev. B 2005, 71,153403.
137 Pereira, V. M; Guinea, F.; Lopes dos Santos, J. M. B.; Peres, N. M. R.; Castro Neto,
A. H. Disorder Induced Localized States in Graphene. Phys. Rev. Lett. 2006,96,
036801.
138 Barone, V.; Peralta, J. E. Magnetic Boron Nitride Nanoribbons with Tunable
Electronic Properties. Nano Lett. 2008, 8,2210.
139 Samarakoon, D. K.; Wang, X. Q. Intrinsic Half-Metallicity in Hydrogenated Boron-
Nitride Nanoribbons. Appl. Phys. Lett. 2012,100, 103107.
